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Abstract 
Autism spectrum disorder (ASD) is a neurodevelopmental condition characterised 
by social communication deficits and restricted and repetitive interests. It mostly 
affects males, and has a range of severities and presentations. The causes of ASD 
are, as yet, unknown, though research indicates that a combination of genetic and 
environmental factors contribute to aberrant brain structure and function. The 
structure of the brain can be non-invasively assessed in vivo using magnetic 
resonance imaging (MRI). The MRI method diffusion tensor imaging (DTI) can be 
used to reconstruct the brain’s white matter tracts and quantify their microstructural 
health. 
 
The aim of this thesis is to investigate white matter microstructure in ASD, and 
comprises of four studies: an investigation of the association between white matter 
microstructure and the spectrum of ASD traits; a study of amygdala connections 
and their association with ASD symptomatology; a graph theory approach to 
investigate the structural networks of the brain; a study of sex-based differences in 
brain structure in ASD, and unaffected siblings of probands. 
 
White matter microstructure was associated with ASD traits across a spectrum that 
incorporated healthy controls through to those with clinically-diagnosed autism. 
Associations between the microstructure of amygdala–cortical connections and ASD 
symptoms were dependent upon the brain region and ASD trait of interest. The 
ASD structural network was similar to that of controls, which indicates that the 
macromolecular arrangement of the ASD brain is relatively conserved. There were 
some sex-based differences in white matter microstructure in ASD, though fewer 
than anticipated. 
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In conclusion, DTI techniques provide evidence that brain microstructure is 
compromised in ASD, and that the severity of the structural deficits is correlated 
with symptom severity in a specific fashion. Brain topology is relatively conserved, 
indicating that ASD arises from deficits in the quality of brain connections, rather 
than their overall arrangement. 
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DTI – diffusion tensor imaging 
EPI – echo planar imaging 
FA – fractional anisotropy 
FDR – false discovery rate 
FID – free induction decay 
FLASH – fast low angle shot 
fMRI – functional magnetic resonance imaging 
FOV – field of view 
FSL – FMRIB software library 
FT – Fourier transformation 
FWE – family wise error 
GABA - γ-aminobutanoic acid 
GARS – Gilliam autism rating scale 
GFA – generalised fractional anisotropy 
GFE – frequency-encoding gradient 
GOSH – Great Ormond Street Hospital 
GPE – phase-encoding gradient 
GRO – readout gradient 
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GSS – slice-selective gradient 
HFA – high functioning autism 
HR – high risk 
IC – internal capsule 
ICH – Institute of Child Health 
ICD – International Classification of Diseases 
IFOF – inferior fronto-occipital fasciculus 
ILF – inferior longitudinal fasciculus 
IQ – intelligence quotient 
L - left 
LFA – low functioning autism 
LR – low risk 
MD – mean diffusivity 
MNI – Montreal Neurological Institute and Hospital 
MR – magnetic resonance 
MRI – magnetic resonance imaging 
NIfTI – neuroimaging informatics technology initiative 
NMR – nuclear magnetic resonance 
PCA – principal component analysis 
PDD – principal diffusion direction 
PDD-NOS – pervasive developmental disorder not otherwise specified 
PGSE – pulsed gradient spin echo 
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PTR – post thalamic radiation 
R - right 
RD – radial diffusivity 
RF – radiofrequency 
ROI – region of interest 
SFOF – superior fronto-occipital fasciculus 
SLF – superior longitudinal fasciculus 
SLI – specific language impairment 
SNR – signal-to-noise ratio 
SPM – statistical parametric mapping 
SRS – social responsiveness scale 
SSRI – selective serotonin re-uptake inhibitor 
T - Tesla 
T1 – spin-lattice relaxation time 
T2 – spin-spin relaxation time 
TBSS – tract-based spatial statistics 
TD – typically developing 
TE – echo time 
TFCE – threshold-free cluster enhancement 
TI – inversion time 
TR – repetition time 
UCL – University College London 
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UF – uncinate fasciculus 
VABS – Vineland adaptive behaviour scale 
VBM – voxel-based morphometry 
WASI – Wechsler abbreviated scale of intelligence 
WHO – World Health Organisation 
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Chapter 1 Autism Spectrum Disorder and Brain Anatomy 
 
This chapter provides an introduction to autism spectrum disorder (ASD), including 
symptoms, aetiology, and commonly used intervention strategies. ASD is thought to 
arise from altered neurological development, and the focus of this thesis is the 
investigation of brain structure in ASD, so an overview of brain anatomy and major 
theories regarding the brain in ASD are provided here. 
 
1.1 Autism Spectrum Disorder 
1.1.1 Brief History 
The term autism (from the Greek ‘autos’, meaning ‘self’) was first used in 1910 to 
describe a subset of schizophrenia patients who were very withdrawn [1]. Autism 
was first recognised as a syndrome by Kanner in 1943 [2], who identified it as a 
behavioural condition that began in childhood and was characterised by a desire for 
solitude, and inflexibility. This was followed in 1944 by Asperger’s description of a 
condition that shared the same features as autism [3], often referred to as Asperger’s 
syndrome. However, autism wasn’t entered into official manuals for the diagnosis 
of psychiatric conditions – the World Health Organization (WHO)’s international 
classification of diseases (ICD) and the American Psychiatric Association (APA)’s 
diagnostic and statistical manual of mental disorders (DSM) – until 1978 [4] and 
1980 [5], respectively. 
 
Subsequent to the first descriptions of autism and Asperger’s syndrome, a spectrum 
of traits has been reported [6] that encompasses a wide range of symptoms and 
severities. A great deal of debate has surrounded the question of whether this 
autistic spectrum reflects one syndrome with a common pathology, or a collection of 
several different syndromes. Current consensus is that the autistic spectrum 
encompasses a group of related disorders that have an allied pathology and similar 
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presentations. A diagnosis of ASD amalgamates prior descriptions of autism and 
Asperger’s syndrome into a core set of difficulties that may be associated with 
accompanying features, and has different tiers of severity. 
 
1.1.2 Current Diagnostic Criteria 
Current diagnostic criteria for ASD were defined in 1994 by the WHO in the 10th 
edition of the ICD manual (ICD-10) [7] (see Appendix A: ICD-10 Diagnostic 
Criteria), and in 2013 by the APA in the 5th edition of the DSM (DSM-V) [8] (see 
Appendix B: DSM-5 ). A revised version of the ICD (ICD-11) is anticipated in 2017 
[9]. The diagnostic criteria outlined below are based on those of the DSM-V. 
 
ASD is diagnosed upon presentation of a dyad of core symptoms: persistent deficits 
in social interaction and communication, in addition to repetitive and/or 
stereotyped behaviours. Symptoms must be present during early development, 
cause significant impairment in current functioning, and should not be better 
captured by a diagnosis of intellectual disability or developmental delay. A 
diagnosis of ASD is supplemented with a specification of current severity in each of 
the two symptom domains, and information stating whether the ASD is 
accompanied by: intellectual impairment; language impairment; a known 
medical/genetic condition or environmental factor; another neurodevelopmental, 
mental or behavioural disorder; and/or catatonia. There is a strong relationship 
between intellectual disorder and ASD, and many individuals diagnosed with ASD 
have accompanying intellectual difficulties. 
 
Impairments in social communication include a) deficits in social and emotional 
reciprocity, such as difficulty maintaining back-and-forth conversation, and 
inappropriate responses during social interactions, including fewer person-directed 
social overtures; b) impairments in non-verbal communications used during social 
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interaction, for example gestures, eye contact, and person-directed facial 
expressions; and c) difficulties in the development, maintenance, and understanding 
of relationships. 
 
The restricted and/or repetitive behaviours and interests that manifest in ASD are 
varied, but are typically: a) stereotyped or repetitive movements (including 
flapping), use of objects (e.g. lining objects up), or speech (such as echolalia – 
repeating other people’s vocalisations – and idiosyncratic phrasing); b) Inflexible 
adherence to routines, insistence of sameness, and difficulty switching between 
tasks; c) highly restricted and fixated interests and patterns of thinking; d) hyper- or 
hypo-reactivity to sensory stimuli, and excessive interest in, or exploration of, 
sensory aspects of the environment (such as licking objects or fascination with lights 
or reflections). 
 
Several other traits are regularly described in individuals with ASD. These include 
imagination deficits, physical clumsiness, abnormal prosody of speech, reduced 
cognitive processing speed (particularly in social situations), and disturbed sleep 
patterns. Difficulties with eating, mainly related to restricted food preferences and 
sensitivity to appearance, taste, texture, and smell, are often seen. Aggression and 
irritability can occur, often due to frustration, a lack of comprehension, or reduced 
inhibition when in a state of physiological arousal. 
 
Many individuals diagnosed with ASD without accompanying intellectual 
impairment, often termed high-functioning ASD, have the mental acuity to live a 
relatively ‘normal’ life, with education and the ability to carry out some form of 
work within their grasp. This can disguise real difficulties with the core features of 
ASD, and raise questions regarding how and when the boundary between clinical 
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syndrome and ‘eccentricities’ of behaviour as part of normal variation should be 
delineated; ASD is a spectrum, but the breadth of the phenotype is often unclear. 
 
Several conditions are sometimes included in the atypical ASD category. These 
include childhood disintegrative disorder (CDD), a very rare condition 
characterised by a sudden regression and loss of acquired skills, and Rett’s 
syndrome, a condition similar to CDD found only in girls. 
 
1.1.3 Diagnostic Tools 
Several tools are employed clinically to help determine whether diagnostic criteria 
are met. The aim of each diagnostic tool is to explore the limits of an individual’s 
capabilities in each of the main ASD traits, and thus expose any difficulties. A final 
diagnosis is usually only made after several interactions between clinical staff, 
including psychiatrists and psychologists, and the individual, in addition to 
discussion with caregivers and teachers. The most commonly used instruments are 
the autism diagnostic interview (ADI) [10], a semi-structured interview with the 
individual’s primary care-givers, and the autism diagnostic observation schedule 
(ADOS) [11], a guided observation and interaction with the individual. The 
developmental, dimensional and diagnostic interview (3di) [12] is a computer-based 
tool used to assess ASD traits dimensionally (i.e. with reference to the spectrum) 
following interviews with primary care givers, and emulates ADI diagnostic 
algorithm scores. 
 
1.1.4 Co-morbidities 
The presence of co-existing conditions is common in ASD, and suggests that some of 
the causes of ASD correspond to those of other neurodevelopmental conditions, and 
that ASD confers vulnerability to these conditions and vice versa. Common co-
morbidities are: epilepsy [13], depression, anxiety, attention deficit hyperactivity 
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disorder (ADHD), and conduct disorders [14]. Some of these co-morbid difficulties 
arise due to limitations in understanding social situations, feelings of isolation, and 
hypersensitivity/heightened arousal. Tourette’s syndrome is also common in 
individuals with ASD [15]. Turner syndrome affects women and is associated with 
elevated incidence of ASD [16]. A sub-population of fewer than 10% of individuals 
diagnosed with ASD has exceptional memory or other remarkable but isolated 
abilities, known as savant skills, in disciplines such as mental arithmetic, art, and 
music [17][18]. 
 
1.1.5 Epidemiology 
Recent studies suggest that ASD affects approximately 1% of the population, with 
prevalence rates of 1 in 63 [19], 1 in 102 [20], and 1 in 68 [21] reported in recent 
years. This is a huge increase compared to the first estimate of 0.045% (a prevalence 
rate of 1 in 2,222) in 1966 [22]. In 1999, Gillberg and Wing estimated that non-US 
prevalence rates had increased by 3.8% per year since 1966 [23]. Several 
explanations for the rise in ASD cases have been expounded: firstly, the diagnostic 
criteria for autism have expanded from the discrete condition described by Kanner 
to include a spectrum of cases. This has greatly increased the number of individuals 
encapsulated by a diagnosis of an ASD [24]. Advances in awareness and expert 
clinical support have also contributed to the rise in diagnosis rates. Advanced 
parental age has also been identified as a potential factor in the rising number of in 
ASD cases [25]. A contrasting theory is that the rise in cases is a reflection of 
increased opportunity for individuals with high-functioning ASD for employment 
[26] and procreation [27]. 
 
ASD is more common in males than females, with an average ratio of 4 males:1 
female reported [28]. This sex ratio is higher for high-functioning ASD, with 
estimates rising to 8:1 [7]. The cause of the disparity in diagnosis rates between the 
sexes is not known for certain. It may be due to male susceptibility to X-linked 
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conditions (see section 1.1.6) or explained by the ‘male brain’ hypothesis [29] (see 
section 1.3.9), which states that ASD is a result of excessively male characteristics of 
behaviour, brain structure and function. Some studies suggest that for females to be 
diagnosed with ASD they must have experienced greater genetic anomalies, hence 
more severe neurodevelopmental impairment, than males diagnosed with ASD [30] 
(discussed in more detail in Chapter 8). However, a major proportion of the sex 
ratio is likely to reflect inadequacies in current diagnostic criteria [31], and difficulty 
identifying the different ways ASD presents in females; for example, females with 
an ASD often display different types of restricted and repetitive behaviours [32][33], 
greater ability to form friendships [34] in comparison with males with ASD. 
 
1.1.6 Aetiology 
ASD is a neurodevelopmental disorder, which means that symptoms are thought to 
arise as a result of abnormalities in brain structure and function during 
development. The cause of these brain modifications and the associated ASD 
phenotype is unknown. It is likely that a combination of genetic susceptibilities and 
environmental triggers contribute to its development. The heterogeneity observed 
in individual presentations of ASD symptoms and their severity may be due to 
differences in the underlying pathology; for example, the exact combination of over- 
or under-expressed genes may differ from case to case. 
 
Recent twin studies estimate ASD heritability to range between 50% and 95% 
[35][36]. Increased likelihood of ASD or a ‘broader autism phenotype’ of ASD-
related cognitive and/or social difficulties has been described in both twin [37][38] 
and family studies [39]. Children are more likely to have ASD if a sibling has 
already been diagnosed [40]. No single gene or chromosomal abnormality has been 
shown to selectively cause ASD. The range of autistic phenotypes and symptom 
severities, including traits in the general population, indicates that a certain 
proportion of autistic behaviours are triggered by genetic mutations (including 
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deletion, duplication, and replication errors) and another proportion by the complex 
interplay of single nucleotide polymorphisms that occur throughout the population 
as part of natural variation [41]. Genes involved in neural connectivity, social and 
emotional responsiveness, and sex hormone regulation are thought to be involved 
in ASD [42]. A particular area of interest is functional variation among genes 
involved in synaptic transmission [43][44], which affects the speed and coherence of 
information transfer within the brain. Genes involved in the regulation of 
transcription and post-translational modification have also been implicated in ASD 
[45], suggesting that, to some extent, the disorder can be associated with changes in 
the frequency with which certain genes are translated into proteins, and 
modifications following gene translation, in addition to mutations within the 
genetic code itself. 
 
The increased prevalence of ASD in males relative to females is suggestive of a male 
vulnerability that may be conferred by X-chromosome abnormalities [46]. Males 
only have one copy of the X chromosome, which means that they are particularly 
vulnerable to any mutated or defective X-chromosome genes because they are 
homozygous for these genes, and therefore do not have a healthy reserve; hence the 
likelihood of X-linked disorders in males is increased. Genes on the X chromosome 
associated with ASD include those involved in neural connectivity and intracellular 
signalling pathways [47][48][49]. X-chromosome deletions in females are also 
associated with increased incidence of autistic traits [50].  
 
Environmental risk factors for ASD are the subject of contentious debate. A great 
deal of anguish was caused by the early theory that ASD is caused by unemotional 
parenting [2][51], a concept that rapidly gained notoriety as the ‘refrigerator mother’ 
theory. Attention on environmental factors has since concentrated on foetal 
development, including prenatal exposure to high levels of testosterone [52], stress 
[53] and atmospheric pollutants [54]. It has been proposed that these early 
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exposures alter brain growth and neurochemistry, leading to the development of 
ASD. Epigenetic modifications of genes have also been implicated in ASD, which 
could be evidence that there is a link between environmental influences and genetic 
susceptibility [55]. 
 
1.1.7 Biological Markers 
The search for biomarkers (variables associated with a condition that are 
measurable within the affected individual) and endophenotypes (heritable 
characteristics associated with a condition in the affected individual, but also 
observed to an extent in related family members) of ASD is important because 
findings have implications for diagnosis, identification of the origins of ASD, and 
for the assessment of potential treatments. Major concerns with biomarker research 
are the extent to which features are specific to ASD, easily measurable, and are 
representative of the severity of ASD. Findings are varied (for a recent review see 
[56]), although research suggests that impaired mitochondrial metabolism [57][58], 
abnormal concentrations of the neurotransmitter serotonin [59], melatonin (a 
hormone that regulates circadian rhythms) [60], and oxytocin (a bonding hormone) 
[61], and altered brain electrophysiology [62] are relatively consistent markers in 
ASD. Brain imaging techniques are beginning to identify neurological biomarkers of 
ASD (discussed in Chapter 3). 
 
Macrocephaly has been reported in roughly a quarter of individuals with ASD 
[63][64][65]. Macrocephaly in individuals with ASD is more likely to occur in 
younger age groups than in adulthood [63][37]. Relatively large head sizes have also 
been measured in un-affected family members of autistic probands [65][66][67]. 
However, recent work suggests that the incidence of macrocephaly in ASD may 
have been exaggerated by inadequate reference measurements [68][69]. In addition, 
studies have suggested that the relationship between head circumference and 
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clinical outcome in ASD is complex [70], and that head circumference is more 
strongly related to genetic ancestry, height and age than with ASD status [71]. 
 
1.1.8 Management and Interventions 
There is no cure for ASD, and it is usually a life-long condition. The prognosis is 
better for individuals with milder autistic symptoms and higher IQ [72][73]. Autistic 
symptoms can be improved by the consistent application of management practices, 
such as behavioural intervention, social skills training, and cognitive behavioural 
therapy [74]. Rapid improvements in response to behavioural intervention are 
correlated with positive treatment outcomes [75]. Behavioural training with family 
members and at school is beneficial in maintaining improvements outside of the 
clinic. Co-existing conditions, such as epilepsy, negatively impact on prognosis [76]. 
Therefore, the management of co-existing conditions using medication and 
cognitive therapies can provide a great deal of relief. Individuals with speech 
impairments often benefit from speech and language therapy. As an individual with 
ASD matures, appropriate guidance for safely navigating the adult world – 
including advice on relationships, use of social media, and looking after finances – 
can help to reduce vulnerability. 
 
Presently there is no medication to treat the core social and communication deficits 
in ASD. Current pharmacotherapies typically focus on the alleviation of co-
occurring conditions and the management of stereotypical behaviours: 
antipsychotics and tranquilisers are often effective against irritability, aggression 
and stereotypy, and selective serotonin re-uptake inhibitors (SSRIs) are often used in 
the management of anxiety and repetitive behaviours [77][78]; however, use of these 
medications is not often recommended, particularly in children. Oxytocin is 
emerging as a promising hormonal treatment for ASD [79][80], although caution has 
to be maintained in lieu of large-scale clinical trials [81]. Much interest has 
developed around the potential of alternative treatments for the alleviation of ASD 
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symptoms, including dietary restriction/supplementation, yeast treatment, 
osteopathy, dance and music therapy, holding therapy, and animal therapy. 
However, there is currently a lack of scientific evidence for the utility of such 
treatments in ASD. 
 
It is important to consider the effects of ASD on those around the affected 
individual; parents are typically subject to high levels of emotional distress and 
upheaval, and un-affected siblings may feel marginalised by the attention their 
affected brother or sister receives. Professional and peer support is invaluable in 
providing outlets and coping strategies. 
 
In a very small number of cases, autistic behaviours are completely ameliorated [82]. 
The causes of these rare recoveries from ASD are unknown; early misdiagnosis may 
be a factor as evidence indicates that diagnoses are relatively stable [74]. 
 
1.2 The Brain 
As stated in section 1.1, ASD is a neurodevelopmental disorder and the brain is 
heavily implicated in both the development and maintenance of ASD. The brain is 
responsible for conscious thought, interpretation of sensory inputs, memory, the 
orchestration of movement, and numerous automatic responses. The work 
described in this thesis focuses on understanding the complex network of brain 
connections that are thought to underlie autistic behaviours. This section provides 
an overview of the brain, from its microstructure through to its macromolecular 
anatomy. 
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1.2.1 Neurons 
The brain consists of several cell types, each specialised for a particular function. 
Glial cells make up the majority of cells in the brain, and play a variety of important 
roles in the maintenance of the brain. For example, astrocytes provide structural and 
metabolic support to neurons, and oligodendrocytes insulate the axons of neurons 
via the myelin sheath. 
 
Neurons are responsible for the processing power of the brain, transmitting 
information in the form of nerve signals at high speeds. Most neurons in the brain 
are interneurons, which facilitate rapid information flow via circuits with other 
neurons. As shown in Figure 1, neurons consist of a cell body which houses the 
majority of the organelles, including the nucleus, and a long thin projection called 
the axon, which is insulated by the myelin sheath. The cell body is surrounded by 
dendrites which receive signals from neighbouring neurons, whilst the axon finishes 
in a set of terminal branches which relay incoming signals to other neurons across 
the synapse. 
 
Figure 1 A neuron. 
 
1.2.2 Information Relay 
Signals, or impulses, pass along the axon of a neuron from the dendritic inputs 
through to the axon terminal outputs. This axonal information flow is mediated by 
rapid changes in the electrical potential of the cell, mediated by the movement of 
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electrically-charged ions across the semi-permeable membrane. This is known as an 
action potential. At rest, an axon’s membrane is polarised – it has a negative charge 
on the inside and a positive charge on the outside – due to high levels of positively-
charged sodium ions (Na+) in the extracellular space and the movement of 
positively-charged potassium (K+) ions out of the cell via leak channels. The 
incoming signal is a stimulus that causes voltage-gated sodium channels to open in 
the neighbouring portion of the axonal membrane. This allows the Na+ ions to rush 
into that part of the cell (attracted by the negative charge), thus increasing the 
concentration of positively-charged ions inside and depolarising the membrane. 
Once the depolarisation has passed a threshold, the sodium channels close and 
voltage-gated potassium channels open allowing the K+ ions to flow out of that 
section of the cell (repelled by the now-positive charge within), re-polarising the cell 
membrane. This action potential induces another action potential in the adjacent 
portion of the axon, thus relaying the impulse to the axon terminals. The process is 
accelerated via the presence of the myelin sheath, which insulates the axon 
membrane aside from regularly-spaced gaps called nodes of Ranvier. The myelin 
sheath causes the action potential to transit very quickly from node to node in a 
process called saltatory conduction, as shown in Figure 2. 
 
Figure 2 An action potential passing along an axon via saltatory conduction. 
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In order to relay the nerve impulse from the axon terminal to a neighbouring axon, 
the signal has to traverse the synapse. When the action potential arrives at the axon 
terminal, otherwise known as the pre-synaptic terminal, it stimulates voltage-gated 
calcium channels to open, allowing the influx of calcium (Ca2+) ions. The Ca2+ ions 
stimulate the fusion of vesicles containing neurotransmitters to the pre-synaptic 
membrane followed by exocytosis, which releases the neurotransmitters into the 
synapse. The neurotransmitters bind to specific receptors on the membrane of the 
neighbouring axon, known as the post-synaptic membrane, thus relaying the 
impulse to the next neuron (see Figure 3). There are many different 
neurotransmitters including peptides, small molecules, amino acids, and soluble 
gases. The neurotransmitter employed by a neuron depends upon the action 
required. For example, γ-aminobutanoic acid (GABA) is used to send inhibitory 
messages, whilst dopamine is an excitatory neurotransmitter. 
 
Figure 3 Synaptic transmission. 
 
1.2.3 Brain Anatomy 
As shown in Figure 4, the brain is divided into two hemispheres, and composed of 
three main parts: the cerebrum (or forebrain), the cerebellum (or hindbrain) which is 
involved in movement and balance, and the brainstem which connects to the spinal 
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cord and regulates many autonomic functions. Cerebrospinal fluid (CSF) resides in 
the spaces, or ventricles, of the brain, and provides multiple functions, including 
physical protection, pressure regulation, and waste clearance. The meninges and the 
skull further safeguard the brain, and the blood-brain barrier affords protection 
against infection by restricting the transfer of blood-borne particles into the brain. 
 
Figure 4 The human brain. 
The cerebrum is shown in red/orange, the cerebellum in green/dark green, and 
the brainstem in magenta. Note the two hemispheres. 
 
1.2.3.1 Cerebral Grey Matter 
In the cerebrum, neurons in the brain are arranged in an ordered fashion, such that 
their cell bodies reside in the outer layer of the brain, known as the cerebral cortex, 
and in the central portion of the brain, known as the sub-cortex. The cerebral cortex 
is folded into gyrae and sulci, thus increasing the surface area and packing potential 
of the brain. Axons project from the brain’s cortices. The cortices appear grey and 
the axons appear white due to the presence of myelin, hence the terms grey matter 
and white matter, respectively. The cell bodies in the grey matter group into 
cohesive regions, which are known to perform particular brain functions. As 
proposed by Brodmann [83], among others, the grey matter in the cerebral cortex 
(often called the cortical grey matter), can be sub-divided into many small 
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functional regions on the basis of their cytoarchitecture (see Figure 5). Cortical 
regions that are adjacent to one another have been grouped into lobes (see Figure 6). 
The frontal lobe is believed to engender impulse control and decision-making; the 
parietal lobe integrates sensory and motor functions; the occipital lobe processes 
visual stimuli; and the temporal lobe handles auditory, olfactory, and complex 
emotional stimuli. The insula cortex is often designated as a lobe, and is associated 
with several functions including perception. 
 
Figure 5 Regions of the cortex as identified by Brodmann. 
Lateral (A) and medial (B) surfaces are shown (adapted from [83]). 
 
Figure 6 The lobes of the brain. 
The frontal lobe is shown in green, the parietal lobe in red, the occipital lobe 
in orange, and temporal lobe in blue. 
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The subcortical grey matter regions are shown in Figure 7. The thalamus is a hub, 
mediating information transfer between brain regions. The caudate and the 
putamen together form the striatum which, along with the globus pallidus, is 
associated with fine motor control. The nucleus accumbens is thought to be 
involved in reward; the hippocampus is critical for spatial navigation and memory; 
and the amygdala is central to emotional processing. 
 
Figure 7 Subcortical grey matter regions of the brain. 
The amygdala (cyan), caudate (light blue), globus pallidus (dark blue), 
hippocampus (yellow), nucleus accumbens (orange), putamen (magenta), and 
thalamus (green) are shown. The caudate and putamen form the striatum. 
 
The limbic lobe is thought to be responsible for many emotional and olfactory 
functions. The exact complement of structures comprising the limbic lobe are subject 
to debate [84], although both cortical and subcortical grey matter structures are 
known to be involved (see Figure 8). 
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Figure 8 The limbic lobe. 
The frontal lobe (green) and temporal lobe (dark blue) structures are shown in 
addition to the cingulum (turquoise), and the insula (mid blue). 
 
1.2.3.2 Cerebral White Matter 
Grey matter regions in the cerebrum are structurally linked by white matter tracts. 
White matter tracts consist of bundles of myelinated axons and are responsible for 
the flow of information via action potentials and synaptic transmission, as outlined 
in section 1.2.2. There are several major white matter tracts in the brain, each 
connecting different grey matter regions [85] as shown in Figure 9. The corpus 
callosum is the largest tract and connects the two hemispheres of the brain, along 
with the smaller anterior and posterior commissures. The cingulum is adjacent to 
the corpus callosum and curves between the frontal and temporal lobes; the arcuate 
fasciculus also connects frontal, parietal and temporal lobe structures. The inferior 
longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFOF) 
connect the occipital and temporal lobes. The uncinate fasciculus joins the anterior 
temporal lobe and the inferior frontal lobe. The corticospinal tract connects the 
motor regions of the cortex to the brain stem, whilst the corona radiata and internal 
capsule join subcortical structures to the frontal and parietal cortices, and the fornix 
links the medial temporal lobe with the hypothalamus. 
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Figure 9 The major white matter tracts of the brain. 
Adapted from [85], showing A) the corpus callosum, B) the cingulum, C) the 
inferior longitudinal fasciculus, D) the inferior fronto-occipital fasciculus, E) 
the arcuate fasciculus, and F) the uncinate fasciculus. 
 
1.2.4 Brain Development 
ASD is thought to arise from abnormalities in the development of the brain. During 
the first few years of life, the brain grows rapidly. Much of this growth occurs due 
to the proliferation of glial cells, including those that myelinate the white matter 
[86]. The neurons in the brain make an increasing number of synaptic connections 
during early development. However this is followed by synaptic pruning which 
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takes place up until adolescence, in which the plethora of synaptic connections is 
trimmed back as a consequence of competitive selection; pruning results in the loss 
of connections that are weak and relatively under-utilised, and the reinforcement 
and strengthening of those connections that are regularly accessed. In ASD, research 
suggests that pruning is limited [87] and that brain connections develop atypically 
[88]. 
 
1.3 Theories of ASD 
A plethora of theories have been published hypothesising the cognitive and neural 
processes that underpin ASD symptomatology. Several of the theories are described 
below. To date, no single concept provides a comprehensive and concrete 
explanation of ASD. It may emerge that a combination of these theories best 
describes the neural processes that predispose ASD; since there is heterogeneity in 
symptom presentation within the autistic spectrum, it is likely that there is a 
distribution of the severity and type of neural changes that are associated with these 
symptoms. 
 
1.3.1 Disconnection - synaptic transmission 
The synaptic transmission theory states that ASD is caused by a reduction in the 
efficiency of information transfer within the brain. It is thought that symptoms arise 
due to a combination of synapse malfunction (for example, imbalance of excitatory 
and inhibitory transmission; impaired vesicular transport; reduced plasticity) [88] 
and a reduction in synaptic pruning [87], both of which lead to inefficient, 
inappropriate, and/or unnecessary connections within the brain. Rapid value 
judgements need to be made in social situations – for example, whether another 
individual poses a threat – and it is thought that poor flow of information in the 
brain reduces the ability of individuals with ASD to process and integrate social 
stimuli. A recent study provided evidence for this theory: in a mouse model with 
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reduced synaptic pruning and ASD-like symptoms, activation of neuronal 
autophagy rectified synaptic pathology and reduced the incidence of ASD-like 
social behaviour deficits [87]. A recent review summarised the role of mutations in 
synaptins (genes involved in the regulation of synaptic transmission) in ASD 
pathology [89]. 
 
1.3.2 Disconnection - processing speed and integration 
A model has been described proposing that ASD is a disorder affecting the 
processing of complex information, such as social communication and context, with 
sparing of the ability to process relatively uncomplicated information, such as facts 
and figures [90][91]. Social interactions are multisensory events, with a requirement 
for fast and accurate comprehension of a multitude of features, such as eye contact, 
gesture, and tone of voice, and a need to respond quickly and appropriately. 
Evidence indicates that individuals with ASD often report feeling overwhelmed and 
needing ‘time to think’ in social situations [92]. This theory suggests that the rapid 
integration of complex social information, and thus the networks of communication 
between brain regions, is impaired in ASD, leading to a lack of understanding and 
inappropriate social behaviour. This theory has links with the synaptic transmission 
hypothesis (section 1.3.1), because delays and/or a reduction in information transfer 
at the synapse will hamper the integration of complex data and impair 
understanding; however, this theory posits that processing deficits in ASD can arise 
from both structural and/or functional disconnections, and that there is relative 
sparing of non-social processing. There is both structural and functional evidence of 
elevated short-range connectivity and reduced long-range connectivity within the 
autistic brain [93][94][95][96], and for disconnection between brain regions [97]. This 
theory is related to the theory of mind (see section 1.3.5), in that it describes 
impairments in understanding social situations, but the emphasis in this 
disconnection theory is on the relative complexity of social stimuli. 
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1.3.3 Weak central coherence 
The weak central coherence theory [98][99] hypothesises that ASD is caused by a 
cognitive style of processing that favours small details over the ‘big picture’. An 
individual with a weak central coherence is more likely to disregard the overall 
meaning or significance of a situation, and instead focus on the separate details. This 
is very common in individuals with ASD who, for example, often describe how 
parts of a picture look rather than describing the overall significance of the scene. 
Recent evidence has led to the suggestion that weak central coherence is the product 
of a bias towards local processing, rather than a lack of ability to process global 
information [100]. There is evidence that weak central coherence in ASD is 
associated with disconnection across large-scale neural circuits [101], which is 
indicative of a disconnection syndrome, as outlined in sections 1.3.1 and 1.3.2. 
 
1.3.4 Contextualisation 
A theory that is highly related to the weak central coherence theory (section 1.3.3) is 
that ASD occurs as a result of deficits in contextualisation [102][103][104]. For 
example, hypersensitivity to sounds or changes in routine may be related to a 
reduced ability to contextualise what is occurring, rather than the stimulus or 
situation itself. This could lead to excessive arousal and anxiety or frustration, as is 
often observed in ASD (see section 1.3.10). Social interactions are heavily reliant on 
context – for example, the question “What are you looking at?” could pose a threat if 
it is asked by a stranger in an antagonising manner; conversely it could be a 
demonstration of friendly interest – which could explain the comparative 
impairments in social functions relative to other processes in ASD. 
 
1.3.5 Theory of mind 
The theory of mind (sometimes referred to as mind-blindness or mentalising) is the 
ability to attribute mental states to oneself and others, and to appreciate that people 
often differ from one another in their emotional state. It has been proposed that the 
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social shortfalls central to ASD are caused by impairments in theory of mind 
[105][106]. Structural and functional deficits in neural circuits involving the 
temporal lobe have been related to theory of mind difficulties in ASD [107], and 
reduced amygdala activation has been identified in ASD subjects during a task 
requiring theory of mind [108]. 
 
1.3.6 Mirror neurons 
Mirror neurons are sometimes referred to as the basis of neurological empathy, and 
activate during imitation and passive viewing of other people’s activities. The 
mirror neuron theory of ASD proposes that symptoms arise due to a deficit in the 
activation of mirror neurons in the brain [109][110]. In ASD, reduced mirror neuron 
activation has been observed in conjunction with reduced function of theory of 
mind (see section 1.3.5) networks, suggesting that deficits in imitation and empathy 
overlap with theory of mind difficulties [111][112]. 
 
1.3.7 Face processing and emotion recognition 
Impairments in face processing, including recognition and memory, and in emotion 
recognition have been described in ASD, and are thought to arise from functional 
deficits in regions of the temporal lobe (see reviews [113][114]), and recruitment of 
atypical brain regions during face processing [115]. ASD is often characterised by 
avoidance of eye contact [116], thus removing the primary means of identifying and 
interpreting facial expressions. Reduced inclination for eye contact may arise as a 
result of elevated physiological arousal, which individuals with ASD tend to 
experience when making eye contact [117]; in this study, reduced emotion 
recognition accuracy was associated with greater physiological arousal. This may 
mean that eye contact is interpreted as a threat, which in turn reduces the ability or 
inclination of the individual to interpret emotions or generate directed social 
overtures. A recent study has indicated that a lack of social memory in ASD is not 
caused by a lack of eye contact per se, rather that aberrant post-processing is at fault 
C h a p t e r  1 :  A u t i s m  &  B r a i n  A n a t o m y                    | 46 
 
 
 
[118]. The theory of ASD as a face-processing disorder links strongly with the theory 
of mind (section 1.3.5) and disconnection (section 1.3.2) of social networks within 
the brain. 
 
1.3.8 Social bonding 
A further theory of ASD is that it arises from a deficit in early social bonding, which 
is predominately mediated by the hormones oxytocin and vasopressin [119]. It is 
thought that that this hormone-mediated bonding activates reward circuits in the 
brain during typical social bonding [120][121], and that deficits in this system in 
ASD reduce feelings of reward during social interaction and diminish the urge to 
connect socially. Skuse et al. [122] identified a link between social bonding and 
emotion recognition ability (section 1.3.7), suggesting that impairments in social 
bonding, as observed in ASD, adversely affect social functioning. Recent evidence 
has shown that administration of oxytocin to children with ASD can increase 
activation of the brain during social judgement tasks [123], and improve the quality 
of social interactions [124]. 
 
1.3.9 Extreme male brain 
Baron-Cohen has posited the extreme male brain theory of ASD [29][125][126], 
suggesting that males and females have different cognitive profiles, with males 
typically better at ‘systematising’ and females at ‘empathising’, and that the 
cognitive profile of an individual with ASD is an amplification of the typical male 
profile. Systematising is the ability to construct or analyse rule-bound systems, 
including the ability to predict how the system will behave, whilst empathising 
represents the ability to identify another person's emotions and thoughts, predict 
their behaviours, and respond appropriately. The symptoms associated with ASD, 
such as lower empathy, reduced ability to read social cues and respond 
appropriately, rigidity, collecting and organising things, and restricted interests, are 
indicative of a hyper-systematising cognitive profile. In 2005 Baron-Cohen et al. 
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reviewed evidence for the neurological basis of the extreme male brain in ASD [127], 
and identified whole brain and amygdala enlargement in typical males compared to 
females that was more pronounced in ASD, in addition to regions of the brain, such 
as the corpus callosum and internal capsule, that were smaller in typical males than 
females, and even smaller in ASD. There is evidence that high levels of prenatal 
exposure to testosterone correlate with the incidence of autistic traits [128][129], thus 
indicating that the ‘extreme male brain’ is seeded before birth. The extreme male 
brain theory is similar to the weak central coherence theory (section 1.3.3), in that it 
describes the propensity of individuals with ASD for attention to detail and fact-
based analysis, and to theory of mind (section 1.3.5), which describes impairments 
in the ability to imagine another person’s thoughts or feelings in ASD. However, the 
extreme male brain theory takes this further by providing a hypothesis for the 
increased incidence of ASD in males relative to females. 
 
1.3.10 Self-regulation 
Self-regulation is the ability to manage one’s own behaviour such that it adheres to 
core values – for example, completing a school assignment because of a 
commitment to gaining an education – and the capacity to regulate emotions, such 
as calming oneself down when upset. Difficulties with self-regulation are common 
in ASD, resulting in inappropriate behaviours and extremes of mood. It has been 
proposed that self-regulatory deficits in ASD are associated with orbitofrontal 
cortex–amygdala circuits [130]. Self-regulation abilities may overlap with theory of 
mind (section 1.3.5) and contextualisation (section 1.3.4), since a lack of awareness 
regarding other people’s feelings and the nature of a situation could lead to a 
reduction in the drive or ability to manage oneself in a way that is appropriate [131]. 
 
1.3.11 Executive dysfunction 
Executive functions regulate underlying cognitive processes, including working 
memory, the ability to make and execute plans, reasoning, and shifts in attention 
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(see review by [132]). This theory proposes that dysfunction in executive processing 
is central to ASD, rather than a symptom of it [133]. Executive dysfunction in ASD is 
associated with reduced flexibility and difficulty switching attention, in addition to 
impairments with planning and the adjustment of plans in response to change in 
circumstance [134]. Executive function deficits in ASD often relate to problems with 
self-regulation (section 1.3.10); for example, displays of great emotional distress 
following what may appear to be a trivial change in routine. Executive functions are 
predominately mediated by the frontal lobe and basal ganglia (reviewed by [135]), 
thus indicating that these regions and the connections between them are impaired in 
ASD. 
 
1.3.12 Understanding and integrating theories of autism 
It is likely that a comprehensive and accurate explanation of ASD requires a 
combination of those conceptualisations described above. For example, aberrant 
face processing networks may interact with theory of mind and mirror neuron 
deficits, resulting in reduced ability to identify the emotional status of others and 
empathise with them; weak central coherence and impairments in contextualisation 
may combine to render individuals ‘blind’ to social context, thus compounding their 
emotion recognition deficits; a propensity to systematise, coupled with reduced 
ability to self-regulate could exaggerate this by making an individual appear ‘cold’ 
or ‘removed’, and result in inappropriate social responses; and difficulties with 
executive functions will mean that a switch in focus towards someone who is 
displaying emotions (that the sufferer of ASD finds difficult to identify and 
empathise with) is unlikely. Integration of the many and diverse theories of ASD is 
complex, not least because the definition of ASD is indeterminate (based on the 
interpretation of observed and reported behaviours) and fluid, and cases are 
incredibly heterogeneous – no two cases of ASD are exactly alike. A combination of 
neurodevelopmental processes, genetics, and, to a certain extent, the environment, 
will contribute to the development and maintenance of symptoms in each case. 
Furthermore, ASD occurs at the intersection between behaviour and cognition, 
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which means that conceptualisations of ASD must combine an understanding of the 
ways in which neurological features influence, and are influenced by, both the 
thoughts and actions involved in social interactions. 
 
An apparent consistency in the explanations of ASD presented above is that 
disordered or aberrant neural circuits are associated with its characteristic 
behaviours. Questions then remain: which neural circuits are affected in ASD? Are 
only social communication networks affected? What is the nature of the 
neurological anomalies observed in ASD? How do aberrations in neural circuits 
relate to particular ASD traits? Is there overlap? A great deal of research is currently 
in process to answer these important questions; the work presented in this thesis 
contributes towards this endeavour with the aim of improving understanding of 
neural connectivity in ASD, and the identification of associations between structural 
changes within the brain and symptomatology. 
 
1.4 Conclusions 
ASD is a neurodevelopmental condition characterised by impairments in social 
communication, and the presence of stereotypical behaviours. The cause of ASD is 
unknown, though there is evidence that it is highly heritable. The brain is a complex 
structure, with vastly interconnected regions that enable higher-level functions. 
Several theories of ASD have been proposed, the majority of which identify altered 
brain connectivity as a contributing factor to ASD symptoms. Much of the research 
examining the neural basis of ASD has investigated structural and functional brain 
changes in vivo using magnetic resonance imaging (MRI), and the work presented in 
this thesis builds on this body of knowledge. The theory behind MRI is given in 
Chapter 2, and findings from prior research investigating the ASD brain using MRI 
are presented in Chapter 3. 
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Chapter 2 Introduction to Magnetic Resonance Imaging 
 
This chapter gives an overview of the development of magnetic resonance imaging 
(MRI), and an explanation of nuclear magnetic resonance (NMR) which underpins 
the technique. This is followed by an outline of T1-weighted and diffusion-weighted 
MRI methods, which form the basis of the acquired imaging data covered in this 
thesis. 
 
2.1 A brief history of MRI 
In 1946 Bloch [136] and Purcell [137] independently discovered that certain atomic 
nuclei are able to absorb and subsequently re-emit radiofrequency (RF) energy 
when they are placed in a magnetic field. This phenomenon is called Nuclear 
Magnetic Resonance (NMR), and the time that it takes nuclei, on average, to return 
to the original resting state is called the relaxation time. In 1949 Hahn noticed that a 
second burst of RF energy could induce a repeat of this NMR signal, which was 
dubbed the spin echo [138]. Specific RF energies at the Larmour, or resonant, 
frequency are required to induce NMR in particular nuclei. The resonant frequency 
is also proportional to the strength of the magnetic field applied. The characteristic 
resonant frequency of different nuclei were demonstrated by Proctor and Yu [139] 
and Dickinson [140] who used this information to identify nuclei and calculate their 
concentration. 
 
It wasn’t until decades later that NMR was applied to medical imaging. In 1971 
Damadian showed that mouse tumours had elevated relaxation times compared to 
normal tissues in vitro [141]. This observation reinforced the idea that NMR could be 
used in the identification and classification of different tissues and disease 
conditions in vivo.  In 1973 Lauterbur [142] developed an alternative approach by 
employing smaller magnetic fields with linear gradients in order to induce 
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positionally-dependent nuclear resonances, in order to generate the first two-
dimensional and three-dimensional NMR images. This was the beginning of MRI, 
and was followed in 1974 by the first living mouse MRI scan [143], and in 1977 by 
the first in vivo human body scan generated using MRI [144]. 
 
MRI has continued to develop from the first scans to its present-day form.  
Technological advances have greatly improved image quality and the development 
of novel MRI techniques have extended its applicability from structural analysis to 
functional assessment. MRI is now routinely employed in diagnosis and surgical 
planning for conditions ranging from cancer to ligament injuries, and its use as a 
research tool has been pivotal in informing our understanding of both anatomy and 
behaviour. 
 
MRI scanners have a large cylindrical superconducting magnet, which has a central 
bore for the subject to lie in (see Figure 10). The scanner encircles the subject in order 
that the imaging magnetic field gradients can be applied over three dimensions and 
a three-dimensional image can be obtained. Transmit coils are used to generate RF 
pulses, and subsequent NMR signals are measured using receiver coils that are 
usually placed over the anatomy of interest. 
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Figure 10 An MRI Scanner. 
[image courtesy of Jess Cooper]. 
 
2.2 Advantages of MRI 
MRI is an incredibly useful imaging tool in both clinical and research settings.  Its 
primary benefit is that it is non-invasive and low-risk. The magnetic fields and RF 
pulses do not alter or damage the biochemistry of the body, which is an advantage 
over other commonly used medical imaging tools, such as X-rays and computed 
tomography (CT), which use ionising radiation.  
 
Another advantage of MRI is that a good level of detail and contrast can be easily 
and quickly generated in a great number of structures, thus widening its 
applicability. For example, MRI is unimpeded by bone, meaning that clear images of 
the brain can be acquired, unlike X-rays that are impeded by skull and cannot be 
used to visualise the underlying brain. An additional benefit of MRI is that, in 
addition to investigating anatomy, dynamic imaging can be employed in order to 
measure functional activity and blood flow over time. In the brain this can be used 
to probe cognition, and the impact of conditions such as cancer on blood delivery.  
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Both structural and functional MRI can be used to distinguish diseased tissue from 
healthy tissue, and clinically in order to facilitate surgical planning, or to monitor 
the success of drug-based interventions. MRI is a useful tool in the research setting, 
as it enables non-invasive observation of the causes and progression of diseases, as 
well as healthy developmental processes. 
 
2.3 Limitations of MRI 
One limitation of MRI is the expense and difficulty of installing and maintaining an 
MRI scanner; MRI scanners are expensive, and the scanning room must be encased 
in a Faraday cage in order to prevent external RF signals from affecting the 
measured MR signal. 
 
Safety is an important consideration, as loose metallic objects can be drawn into the 
magnetic field, and some implanted metallic devices may heat up during scanning. 
For that reason all loose metal objects are removed prior to scanning, and implants 
are checked for MRI-compatibility. Since MRI scanning does not involve the use of 
ionising radiation it is unlikely to harm the foetus, but as a precaution pregnant 
women typically only have an MRI when it is a clinical necessity. The switching of 
magnetic field gradients in the MRI scanner is very loud so protective headgear is 
mandatory. The bore in which the patient lies is narrow and can induce feelings of 
claustrophobia. This is of particular concern in vulnerable patient groups, though an 
alarm is given to all patients so that they can be removed from the scanner at any 
time. 
 
Artefacts sometimes form on an MRI scan and reduce its quality. There are many 
potential causes of artefact, though the most common are from patient motion, RF 
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interference, rapid changes in susceptibility, cardiac pulsation, and respiration. For 
this reason the patient is instructed to remain as still as possible in the scanner. MRI 
scans can show biology in great detail, particularly at high magnetic field strengths. 
However, MRI cannot currently provide the same level of spatial resolution as ex-
vivo techniques such as histopathology or electron microscopy. This can result in 
partial volume effects, whereby a voxel (a single volume element of a scan) can 
contain more than one type of tissue. 
 
2.4 NMR 
As outlined in section 2.1, the basis of the MRI signal is NMR – the resonance of 
nuclei in the presence of a magnetic field and applied RF energy. This section will 
explain NMR in more detail and outline how it is captured in MRI. General 
references for this section include [145][146]. 
 
2.4.1 Nuclear spin 
Atoms consist of a core nucleus, containing positively-charged protons and 
neutrons which do not possess a charge. The nucleus is surrounded by negatively-
charged electrons. Atoms with an asymmetric arrangement of protons in the 
nucleus will spin spontaneously with a constant velocity around an axis 
perpendicular to the direction of rotation. This spinning asymmetric charge induces 
a local magnetic field, called a magnetic moment, around the nucleus. NMR only 
occurs in nuclei which spin and thus have this associated magnetic moment. 
 
Hydrogen atoms (1H), often referred to as protons, spin because their nucleus 
contains only one proton and no neutrons. This magnetic moment, coupled with 
their abundance in the human body – in water and organic compounds – means that 
protons have traditionally been selected as the optimum target for MRI. The high 
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quantity of protons in the body maximises the types of tissue that can be imaged 
using MRI and strengthens the NMR signal, which is relatively weak from a single 
proton but much stronger when it is measured from a collection of protons in the 
shared environment of a tissue. 
 
2.4.2 Proton spin in a magnetic field 
Under typical conditions, protons spin around their axes. However, these axes are 
oriented at random which means that there is no net magnetisation. During MRI, 
the protons are placed in a strong, static magnetic field called B0. This field imparts a 
turning force on protons, causing their magnetic moment to align with B0. This 
causes the proton spin to precess around the direction of B0 (see Figure 11). 
 
 
Figure 11  A proton precessing in the presence of magnetic field B0. 
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Protons precess at a constant frequency, which is proportional to B0. This is called 
the Larmor frequency, and is described by the Larmor equation (Equation 1) in 
which ω0 is the precessional frequency in megahertz (MHz), γ is a constant called 
the gyromagnetic ratio (MHz T-1) and B0 is the magnetic field strength in Tesla (T). 
 
 ω0 = γ B0 Equation 1
 
2.4.3 Net magnetisation in a magnetic field 
The Zeeman interaction describes the coupling between the proton spin and B0: with 
the proton spin either parallel (also known as spin up) or anti-parallel (also known 
as spin down) to B0. The two spin states have different energy ratings, as shown in 
Figure 12. Spin-up protons have a lower energy than spin-down protons, which 
means that more protons are typically in the spin-up orientation rather than the 
spin-down orientation. The separation between the energy levels (ΔE) is given by 
Equation 2: 
 
 ΔE = ħ ω0 Equation 2
 
where ħ is the reduced Planck’s constant and ω0 is the Larmor frequency of the 
precessing proton spins, which is itself proportional to the strength of B0 (see 
Equation 1). The number of protons in each energy level is also dependent on 
temperature (T), as described by the Boltzmann distribution (Equation 3) (where k is 
the Boltzmann constant). 
 
 N spin down protons/N spin up protons = e-ΔE/kT Equation 3
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Figure 12 Zeeman diagram. 
The difference (ΔE) between the high and low energy levels of proton spins in 
B0 are shown. 
 
The greater number of protons in the spin-up orientation as opposed to the spin-
down orientation means that there is net magnetisation in the same direction as B0. 
This net magnetisation is known as Mo. The magnitude of Mo is proportional to B0, 
as shown by Equation 4 where χ is the magnetic susceptibility of the tissue. 
Magnetic susceptibility arises from weak diamagnetic and paramagnetic responses 
of paired and un-paired electrons, respectively. 
 
 Mo = χ B0 Equation 4
 
The Mo induced in the presence of the magnetic field B0 forms the basis for 
generation of the NMR signal. Its proportionality to B0 means that a greater 
magnetic field strength will result in a greater net magnetisation, and hence a 
stronger final MR signal. 1.5T MRI scanners have typically been used in the clinic 
and research. However, higher field strengths, such as 3T and 7T, are increasingly 
being employed. 
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2.4.4 Resonance 
The next step in evoking proton NMR is the application of an RF energy pulse, often 
called an excitation pulse, at the Larmor frequency of the protons. When protons 
from the lower energy spin-up state absorb the RF pulse they are excited to the 
higher energy spin-down state. Conversely, protons in the spin-down energy state 
are stimulated to release their energy and revert to the lower energy spin-up state. 
Since the majority of protons experiencing B0 are in the lower energy state, there is 
net energy absorption. This induces a switch in the net magnetisation from spin-up 
(parallel with B0) to spin-down (anti-parallel with B0). Net magnetisation following 
application of the RF pulse is known as M. 
 
Protons cannot remain at the elevated energy state indefinitely, and will re-emit the 
absorbed RF energy at the same Larmor frequency it was absorbed; this is called the 
resonant frequency. 
 
2.4.5 Relaxation 
Relaxation is the process by which protons release absorbed RF energy and return to 
their original energy state within the magnetic field B0. It is the process by which M 
returns parallel to B0 after it has been shifted perpendicular to B0 by the RF pulse. 
Protons can release their excess energy in two different ways – characterised by the 
so-called spin-lattice (or T1) and spin-spin (or T2) relaxation times. 
 
2.4.5.1 T1 relaxation 
T1 relaxation is the dispersion of the absorbed energy from the proton to the 
surrounding environment, otherwise known as the lattice. It is therefore known as 
spin-lattice relaxation. It is initiated by energy supplied to the proton from the 
motion (or tumbling) of neighbouring protons and other nuclei, including vibration 
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and rotation. Tumbling protons have an associated magnetic moment which 
interacts with the magnetic moment of other protons; known as dipole-dipole 
interaction, where a dipole is another term for a magnetic moment. The magnetic 
moments of protons have an associated frequency, which is dependent on the 
molecular structure which the proton is residing in. In order to provide a 
neighbouring proton with sufficient energy to stimulate T1 relaxation, the magnetic 
moment of the neighbouring proton must be of the same Larmor frequency. 
 
Since initiation of T1 relaxation depends on the presence of protons or other nuclei 
tumbling with magnetic moments at the Larmor frequency, the T1 relaxation time is 
heavily dependent on the chemical environment of a tissue. A more efficient T1 
relaxation, and thus a shorter T1 relaxation time, is found in tissues with a greater 
number of protons tumbling at or near the Larmor frequency. This can generally be 
found in tissues with intermediate binding, whilst longer T1 relaxation times are 
measured in free fluids. T1 relaxation time is also shorter at lower resonant 
frequencies. This is because there is more efficient energy transfer due to the 
increased likelihood that protons will be tumbling at the lower resonant frequency. 
 
2.4.5.2 T2 relaxation 
T2 relaxation is the transfer of absorbed energy from one proton to a neighbouring 
proton. Both of the protons are spinning so it is also referred to as spin-spin 
relaxation. T2 relaxation occurs when two protons are in close proximity to one 
another and they are occupying opposing energy states i.e. one proton is in the 
high-energy spin down state whilst the other is in the lower-energy spin up state. 
Their close proximity enables the release of energy at the Larmor frequency from 
the spin down proton to the spin up proton. No energy is lost from the spin system 
overall and it can continue to occur for as long as the protons remain in close 
proximity and at the same resonant frequency. However, rotation and vibration 
result in fluctuations in the resonant frequency of the protons. This prevents spin-
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spin energy transfer from occurring any more, and results in dephasing of the 
protons, which leads to the decay of the transverse magnetisation and a loss of the 
NMR signal. 
 
Initiation of T2 relaxation is dependent on the molecular organisation of the tissue 
and magnetisation of neighbouring protons at the Larmor frequency. Therefore, 
different tissues will undergo different rates of T2 relaxation. Tissues with many 
tightly bound protons are more readily able to undergo T2 relaxation due to the 
close proximity of the protons and greater incidence of tumbling interactions; they 
therefore have very short T2 relaxation times compared to free protons. T2 relaxation 
times are always shorter than or equal to T1 relaxation times. 
 
2.4.6 The magnetic resonance signal 
The signal measured during MRI is M. However, M is very small compared to B0, 
which means that it cannot be measured when it is anti-parallel to B0. Instead, the 
RF pulse is applied in the transverse plane, which generates an associated magnetic 
field, called B1, perpendicular to B0. M moves away from B0 towards B1 for as long as 
the RF pulse is on (as shown in Figure 13), and the MR signal is measured by a 
receiver coil in the transverse plane. 
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Figure 13 Application of an RF pulse in the transverse plane results in a 
magnetic field B1, around which the proton precesses. 
 
The degree that M moves, known as the flip angle (α), is proportional to the length 
of time the RF pulse is applied and the strength of the magnetic field associated 
with the RF pulse (B1), as shown by Equation 5 where γ is the gyromagnetic ratio 
and tp is the duration of the RF pulse: 
 
 α = γ B1 tp         Equation 5
 
The flip angle is typically modified by altering the RF pulse strength rather than 
changing the duration of the pulse. This is because time is crucial during MRI: 
shorter scans mean that a greater number of scans can be obtained, and patient 
discomfort is reduced. Once the RF pulse is switched off the protons release the 
absorbed energy and slowly move back to their original alignment – parallel or anti-
parallel with B0. They are still precessing whilst they do this. 
 
C h a p t e r  2 :  I n t r o d u c t i o n  t o  M R I                          | 62 
 
 
 
The RF pulse also brings the proton spin vectors into phase coherence, such that that 
they are all at the same point in the precessing circle at the same time. This 
strengthens the recorded M signal. The M signal induces a voltage corresponding to 
the Larmor frequency in the receiver coil in the transverse plane. This induced 
voltage is the MR signal and is known as a Free Induction Decay (FID). At the start 
of the recording, the FID signal is strong because the protons are still in phase and 
M is primarily along the transverse plane. The signal oscillates due to the 
precessionary motion of the protons. However, the protons do not remain in this 
elevated energy state for long. They soon begin to relax back to their original energy 
state via T1 and T2 relaxation processes, and the spins dephase. The signal 
disappears once the protons are fully relaxed back to their original state, as shown 
in Figure 14. 
 
 
Figure 14 The oscillating FID signal measured by a receiver coil. 
The signal is at high magnitude at the start as the protons are in phase. Signal 
magnitude then decreases over time due to dephasing. 
 
2.5 Magnetic field gradients 
As outlined, the MRI signal is generated from the energy emitted by excited nuclei 
during the process of NMR. However, this signal needs to contain spatially-specific 
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information in order to produce an anatomically-correct image. This must be 
location, orientation and scale specific. Spatial encoding is created by 
superimposing linear gradients on the applied magnetic field B0 in all three 
dimensions. As described by Equation 6, these applied gradients change the 
magnetic field experienced (Bi) at location (ri) within the magnet, where GT is the 
total gradient amplitude: 
 
 Bi = B0 + GT ri Equation 6
 
As highlighted previously, the precessional frequency of protons is proportional to 
the strength of the magnetic field experienced. This means that, under the linear 
gradients applied on B0, the frequency and phase of a proton’s spin depend on its 
location in 3D-space. It is important to note that these gradients operate on a 
macroscopic scale and over a very short time period. This means that they do not 
alter the microscopic-scale properties of T1 and T2 relaxation times, but merely 
enable spatially-specific activation and encoding of NMR signals. 
 
Three types of 3D linear gradient are applied during MRI scanning. Each one 
applies a different spatial encoding on the MRI signal, and they are applied in 
sequence during MRI scanning. 
 
2.5.1 Slice selective gradient 
The slice selective gradient (GSS) is the first gradient applied on B0. It restricts the MR 
signal to a 2D segment of the patient in a process called selective excitation. Each 2D 
segment is called a slice, and slices covering the entire area to be scanned are 
combined to generate the final 3D scan. During selective excitation, a narrow-
bandwidth RF pulse centred on the Larmor frequency is applied. In addition the Gss 
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is applied which has a linear gradient in the orientation chosen for slice selection. 
The GSS causes proton resonant frequency to vary with position. In the middle of the 
magnet (the isocentre) protons resonate at the Larmor frequency, but protons 
outside of this central region will have a different resonant frequency. As a result, 
the RF pulse applied at the Lamor frequency will only excite protons at or near the 
isocentre and an MR signal will only be produced in this region. The GSS is stopped 
and a gradient with an equal, yet opposite slope is applied for a short time. This 
rephases the resonant protons within the selected slice, which will have dephased as 
a result of their chemical environment eliciting slight differences in the magnetic 
field they experience. This serves to strengthen the MR signal recorded within the 
activated slice. 
 
The next slice in the sample can then be selectively excited by raising or lowering 
the frequency of the applied RF pulse so that it is now at the frequency required to 
excite a different portion of protons in the sample. The size of the slices can be 
adjusted by changing the bandwidth of the RF pulse or the strength of the GSS 
gradient. Multiple slices can be activated in order to reduce scan acquisition time 
(see Figure 15). 
 
Figure 15 Application of the GSS. 
The GSS enables the activation of certain slices within the target being scanned. 
Multiple slices can be activated simultaneously. 
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2.5.2 Phase encoding gradient 
The second type of gradient applied on B0 during scanning is the phase encoding 
gradient (GPE). GPE is a linear gradient applied orthogonally to GSS that spatially 
encodes the MR signal along its axis by further altering the magnetic field that 
protons experience. This means that protons at one end of a slice are subject to a 
stronger field strength than protons at the other end. Since the precessional 
frequency of protons is proportional to the applied magnetic field, all of the protons 
in the slice now precess at different frequencies depending on their position along 
the axis. This causes the protons in the slice to become out of phase with one 
another to a degree that is dependent upon their position on that axis; phase is 
spatially determined. The gradient is then switched off. The dephasing induced by 
GPE is not removed by a rephasing gradient, which means that this dephasing 
remains through to measurement of the MR signal and is therefore encoded in the 
slice (see Figure 16). 
 
 
Figure 16 GPE. 
The figure shows a) proton spins in phase prior to application of GPE, and b) 
application of GPE induces position-dependent changes in proton phase. These 
remain following removal of GPE, and phase-encode the protons according to 
their position. 
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Application of a small GPE doesn’t result in much alteration in the phases of the 
spins, thus ensuring a strong MR signal, but collecting little spatial detail about the 
spins. Small GPE gradients therefore measure low spatial frequency information. 
Application of stronger GPE causes greater change in the phase of the spins, which 
reduces the strength of the MR signal measured but means that adjacent spins are 
now phase-shifted and can be spatially encoded. Stronger gradients therefore 
provide higher spatial frequency information. 
 
2.5.3 Frequency-encoding gradient 
A frequency encoding gradient (GFE), often called the readout gradient (GRO), is the 
third linear gradient applied on B0. It is applied at the same time or just following 
each successive application of GPE. GFE and GPE complement one another to fully 
spatially encode each proton. GFE consists of two linear gradients: the first is applied 
orthogonally to both GSS and GPE and causes protons within each slice to precesses at 
different frequencies depending on their position relative to GFE (see Figure 17). This 
is again due to the dependence of proton precessional frequencies on the strength of 
the magnetic field, as described by the Larmor equation. However, this also means 
that the spins within a slice dephase. Dephasing reduces the strength of the MR 
signal, which would limit the usefulness of the data. Therefore, an opposite GFE 
gradient is applied, which begins to rephase the protons along its axis by switching 
the direction of their precession. The MR signal is measured when the spins are in 
phase and the signal is strongest. 
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Figure 17 When GFE is applied the frequency of the proton spin depends 
upon its location along the gradient. 
The figure shows a) low frequency proton, b) typical frequency, and c) 
frequency proton spins that are induced along the GFE. 
 
2.5.4 The three gradients working together 
To summarise, the MR signal is restricted to a slice of the area being scanned using 
the GSS, and protons in this slice are spatially encoded further using GPE and GFE. The 
three gradients work together, and are applied in very quick succession. An 
example MRI sequence is shown in Figure 18. The repetition time (TR) is the time 
between successive excitation RF pulses for each slice. 
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Figure 18 An example of a simple pulse sequence. 
The figure shows application of the RF pulse, and the GSS, GPE, and GFE 
gradients, in addition to measurement of the MR signal. 
 
2.6 Echoes 
When the protons are first flipped to the transverse plane using the excitation RF 
pulse they are in phase. However, this quickly degrades due to dephasing of the 
spins and the spatial encoding generated by application of the magnetic field 
gradients. This dephasing is reversed to some extent by the application of additional 
magnetic field gradients, and sometime refocusing RF pulses, to produce an ‘echo’, 
of the original signal. It is this echo that forms the final signal that is usually 
measured in an MRI acquisition. There are two commonly used methods for 
generating the echo during MRI scanning: the gradient echo and the spin echo. 
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The echo time (TE) is the time from the first RF pulse to measurement of the MR 
signal from the echo. A shorter TE allows for a shorter TR, and thus reduces the 
overall scan time. Gradient echo sequences are generally shorter than spin echo 
sequences, but they are susceptible to B0 inhomogeneity. Inhomogeneities in the 
magnetic field affect T2 relaxation, which is then referred to as T2* (T2 + B0 
inhomogeneity). 
 
2.6.1 Gradient echo 
In a gradient echo sequence, the echo is created using an applied magnetic field 
gradient to rephase the spins. The applied gradient is in the opposite direction to 
previous gradients, thus reversing the protons’ direction of precession. This brings 
them back into phase with one another and the MR signal is strongest at this point. 
The spins will eventually dephase again due their varying precessional frequencies. 
The gradient used to generate the echo is the GFE gradient, which rephases the spins 
in addition to frequency encoding them. A schematic of a basic gradient echo pulse 
sequence is shown below in Figure 19. 
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Figure 19 A gradient echo sequence. 
The figure shows a) proton spins initially in phase, b) proton spins dephase 
due to application of the magnetic field gradient, c) proton spins begin to 
rephase due to application of an opposite gradient, d) the MR signal is 
measured when the proton spins are rephased and form an echo of the original 
signal. The time between application of the RF pulse and formation of the 
echo is TE. e) the proton spins will naturally dephase following measurement 
of the MR signal and removal of the magnetic field gradients. 
 
2.6.2 Spoiled gradient echo 
In spoiled gradient echo sequences, the MR signal is quickly removed, or spoiled, by 
the application of an additional gradient along the GSS axis which dephases the 
proton spins, thus removing the coherence of their signal. The next TR then begins 
with a new RF pulse. Spoiling removes any transverse magnetisation remaining 
after the MR signal has been measured. This can occur in scans with a short TR. 
Spoiling ensures that the net magnetisation induced in subsequent TRs only arises 
from longitudinal magnetisation which is flipped by the RF pulse and not from 
residual transverse magnetisation, thus improving the quality of the MRI scan. A 
fast low angle shot (FLASH) sequence is a type of spoiled gradient echo sequence 
which employs a low flip angle. The small flip angle means that the sequence has a 
short TR, thus reducing scan time. 
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2.6.3 Spin echo 
Spin echo sequences are the same as gradient echo sequences, aside from the 
application of a second refocusing RF pulse. Proton spins are flipped into the 
transverse plane by the first RF pulse, after which the second RF pulse is applied, 
with a flip angle of 180°. This flips the spins over so that they are still precessing at 
the same frequency, but their direction of precession is switched. This means that 
they begin to move back towards their starting position and thus return to phase. 
This is quickly followed by GFE which frequency encodes the spins and generates 
the final MR signal. This is shown in Figure 20. 
 
 
Figure 20 A spin echo sequence. 
The figure shows proton spins initially in phase, b) proton spins dephase 
naturally, c) application of a 180° RF pulse causes the proton spins to flip over, 
d) however the proton spins continue to dephase in the same direction as 
before. e) continued dephasing of the flipped protons actually results in 
rephasing of the protons and the MR signal is measured at this point, which 
forms an echo of the original signal. The time between application of the RF 
pulse and formation of the echo is TE. f) the proton spins will naturally 
dephase following measurement of the MR signal and removal of the 
magnetic field gradients. 
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2.7 MRI contrast 
Contrast is the way in which specific tissues or structures are represented differently 
to one another in an MR image. It enables differentiation of tissue types, and can 
show diseased tissue in contrast to healthy tissue. Contrast differences are mediated 
by variations in the intensity of the MR signal from between tissue types. 
 
Proton density is one type of contrast that is based on the concentration of protons 
within a tissue. T1 and T2 relaxation times vary depending on proton environment. 
Different tissues have a unique molecular structure and will therefore have unique 
chemical environments, leading to characteristic T1 and T2 relaxation times. Certain 
parameters in the pulse sequence can be adjusted in order to harness these different 
relaxation times to provide proton density, T1-, T2-, and T2*-weighted contrast. T1-
weighted and T2-weighted scans were generated and analysed during the work 
described in this thesis, so the basis of their contrast is outlined here. 
 
2.7.1 T1-weighted scans 
The contrast on T1-weighted scans is provided by variations in T1 relaxation time. As 
outlined in section 2.4.5.1, T1 relaxation is the transfer of absorbed RF energy from 
proton spins to the lattice, and results in the protons returning to their relaxed 
energy state. Tissues with densely-packed protons have short T1 relaxation times 
due to the increased initiation of energy transfer to the lattice by neighbouring 
protons spinning at the Larmor frequency. Conversely, areas with more sparsely-
packed protons have much longer T1 relaxation times due to the lack of 
neighbouring protons to efficiently initiate this energy transfer. In order to enhance 
the T1 differences between tissues, the TR and TE are kept short. A short TR means 
that not all of the protons have relaxed back to the z-axis before the next TR is 
initiated. Only protons in tissues with short T1 relaxation times will have been able 
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to fully relax and will form a strong signal in the following TR. Tissues with long T1 
relaxation times will form a weak signal in the next TR because fewer of the protons 
would have relaxed back to the z-axis in time. This means that a stronger MR signal 
is obtained for tissues with a short T1 relaxation time and have a brighter intensity 
on a T1-weighted scan, whilst tissues with long T1 relaxation times have a weaker 
MR signal and are dark, low signal intensity on a T1 scan (see Figure 21). 
 
 
Figure 21 A T1-weighted scan, with low signal intensity in the grey matter 
and high signal intensity in the white matter. 
 
T2 relaxation does not strongly influence contrast in T1-weighted images because 
significant T2 relaxation does not have time to occur in the short TE. In T1-weighted 
scans generated using gradient echo sequences, the angle at which the spins are 
flipped by the initial RF pulse affects the generation of T1 contrast. A greater angle 
means that protons are flipped further and T1 relaxation takes longer, even in short 
T1 tissues, whereas a smaller angle means that T1 relaxation takes less time for all 
tissues. Therefore, a flip angle is chosen that enables some short-T1 tissues to relax as 
much as possible within the TR, but does not enable longer T1 tissues to do the 
same. This allows for creation of T1 contrast within a short TR. 
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2.7.2 T2-weighted scans 
The contrast on T2-weighted scans is generated by differences in T2 relaxation times. 
As outlined in Section 2.4.5.2, T2 relaxation is the transfer of absorbed RF energy 
from one proton spin to neighbouring spins, and it causes dephasing of the proton 
spins. It occurs more readily in tissues which are densely packed with protons; 
therefore T2 relaxation times are shorter in densely-packed tissues and longer in 
sparsely-packed regions. The measured MR signal is weaker in short T2 tissues, 
since the spins in those tissues are more dephased. In contrast, the MR signal is 
stronger in long T2 tissues that haven’t undergone as much T2 relaxation and are 
mainly in phase. Therefore, regions with a long T2, such as the CSF, have the highest 
signal intensities on T2-weighted images, whilst tissues with a short T2, such as grey 
matter, have lower signal intensity on T2-weighted images (see Figure 22). 
 
T2-weighted scans are generated by SE sequences with long TR and TE. A longer TE 
is selected to ensure the T2-weighted contrast; T2 relaxation will have largely 
occurred in the short T2 tissues, but tissues with long T2 relaxation times will not 
have relaxed as much. T1 relaxation does not provide much of the contrast for T2-
weighted scans because the long TR guarantees that that the vast majority of the T1 
relaxation will have taken place by the time the MR signal is measured. 
 
 
Figure 22 T2-weighted scan. 
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2.8 Generating MRI scans from the MR signal 
The spatially-encoded MR signals obtained from each readout of an MRI scan are 
first digitised, then stored in matrix form, known as K-space.  The K-space matrix is 
then subjected to Fourier Transformation, which produces the final image. 
 
2.8.1 K-space 
The three magnetic field gradients, GSS, GPE and GFE, spatially encode the protons in 
an imaging volume. The central row of K-space corresponds to the raw analogue 
MR signal without phase encoding. Successive rows of K-space are filled as the 
magnitude of the GPE increases. Therefore, the central portion of K-space contains 
low spatial frequency information, such as the overall brightness of the image, and 
high spatial frequency information, for instance the detailed contrast between 
voxels, is stored towards the edges of K-space. 
 
2.8.2 Conversion of the analogue MR signal to a digital signal 
The raw MR signal is a continuous, rapidly oscillating voltage that is measured by 
the receiver coil. It is an analogue signal, which has to be converted to a digital 
signal via an analogue-to-digital converter for storage on a computer. Firstly, the 
base RF frequency is removed from the raw signal, and the conversion is performed 
on the remaining receive bandwidth of the signal. The conversion of the analogue 
signal takes a finite amount of time and, as such, the raw signal becomes ‘sampled’, 
as it can only be measured at discrete time intervals. If the sampling frequency of 
the analogue-to-digital converter is too low, the digitised signal will lose certain 
information stored in the raw analogue signal. This can lead to artefacts in the 
image, in which high frequency signals are inadequately sampled and appear as 
lower-frequency digitised signals. In general, the highest-frequency analogue signal 
that can be accurately digitised is half of the sampling frequency, which is known as 
the Nyquist frequency. Often, the sampling frequency is increased beyond what is 
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required for a given image display resolution, thus ensuring that the highest-
frequency component of the raw signal is well below the Nyquist frequency. This is 
known as frequency oversampling. 
 
2.8.3 Fourier transformation 
The digitised MR signal in K-space is transformed into the final MR image using 
Fourier transformation in the frequency and phase encoding directions. Fourier 
transformation converts the MR signal from a measure of voltage with time into 
amplitude for each of the constituent frequencies that make up the raw MR signal. 
The resulting MR image is a matrix of voxels (volume elements). The image matrix 
has the same dimensions as the K-space matrix, but each point in K-space does not 
directly correspond to the same voxel in the image matrix. 
 
2.9 MRI scan formats 
MRI scans are saved by the scanner in digital imaging and communications in 
medicine (DICOM) format. In DICOMs the image is stored in conjunction with the 
details of the scan, such as the date and time, and information about the person who 
was scanned, such as date of birth. This information is highly confidential which 
means that DICOMs must be stored in encrypted hard drives and in locked 
cupboards when physically copied to disc. In order to maintain privacy and 
facilitate blinded data analysis, DICOM data is often converted to neuroimaging 
informatics technology initiative (NIfTI) format prior to analysis. Another benefit of 
NIfTI is that the format is widely supported by imaging software. 
 
MR imaging planes are: axial (head-foot), coronal (anterior-posterior), and sagittal 
(left-to-right). MRI scans are often visualised according to radiological convention, 
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whereby the left side of the image corresponds to the right hemisphere of the brain, 
and vice versa. 
 
2.10 MRI scan quality 
The quality of each MRI scan governs how much useful structural and functional 
information can be obtained. Several considerations for scan quality are discussed 
below. 
 
2.10.1 Magnetic field inhomogeneities 
Magnetic fields can never be generated completely uniformly, which results in 
inhomogeneities. Inhomogeneities in the magnetic field can also be caused by 
susceptibility effects – local changes in B0 generated by anatomical variations in 
magnetic susceptibility within a patient, such as air pockets, and differences in bone 
density. Inhomogeneities modify the magnetic field that the protons experience 
from the intended magnetic field, causing protons to precess at slightly different 
frequencies and dephase. This reduces the amplitude of the final echo MR signal. 
The RF pulse-induced 180° flip of proton spins enables correction of dephasing 
caused by magnetic field inhomogeneities, which means that spin echo imaging is 
less susceptible to inhomogeneities in B0 than gradient echo imaging (see Section 
2.6.3). 
 
2.10.2 Signal-to-noise ratio 
The signal-to-noise ratio (SNR) is the strength of the MR signal in each voxel of the 
MR image, relative to any extraneous noise confounding the signal. Noise can be 
induced by fluctuations in electrical current, caused by the RF coils which measure 
the MR signal. Noise can also arise from any electrically conducting tissues within a 
patient, such as neurons. Motion of electrically-conducting tissues within a magnetic 
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field generate electrical currents. These electrical currents have an associated, 
fluctuating magnetic field which is picked up by the RF coils and generates noise in 
the MR signal. MR images with a low SNR appear grainy due to the confounding 
noise, which masks subtle contrast changes and fine detail, limiting the usefulness 
of the scan. 
 
To increase SNR, one can either reduce the level of noise or increase the MR signal 
measured by the MRI scanner. One way to reduce noise is to use small coils or an 
array coil that focuses attention on the area of interest without including areas that 
could contribute additional noise. A commonly used way of increasing signal is to 
average several measurements of the signal, but this increases the scan time. 
Increasing the voxel volume will elevate the number of protons within each voxel. 
However this creates a trade-off with spatial resolution. The magnet strength can 
also be increased, such as from 1.5T to 3T. This is expensive, but can greatly increase 
the signal strength (see Section 2.4.3). 
 
2.10.3 Spatial resolution 
Spatial resolution is the number of voxels that are utilised in the creation of the MRI 
image: a greater number of voxels means that the image has a higher resolution, and 
is better able to discriminate structures. The field of view (FOV) is the total area 
scanned, and is fixed for a given study. A FOV large enough to encompass a 
multitude of patients, each with different body masses is selected. Therefore, the 
spatial resolution in most MRI studies is defined by the size of the voxels in the 
image: smaller voxel size enables a greater number of voxels to fill the FOV, and 
thus confers greater spatial resolution. Voxel size is also fixed in a given study, and 
is determined by the slice thickness, GPE and GFE. 
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Partial volume is the occurrence of two or more different tissue types within the 
same voxel. This occurs in boundary areas between tissues where one tissue does 
not fill the entire voxel, and can lead to voxels containing a mixture of cerebrospinal 
fluid (CSF), grey matter and white matter. The signal intensity in these voxels is the 
weighted sum of the contributions from these components. Partial volume can affect 
MRI scan metrics, such as measurements of the volume of anatomical areas. The 
simplest way to reduce partial volume is to reduce voxel size. However, smaller 
voxels have a lower SNR and greatly increase scan acquisition time. 
 
2.10.4 Artefacts 
Artefacts are unwanted features on an MRI scan that misrepresent the object being 
scanned. A wide range of artefacts can occur, but the most common artefacts arise 
from patient motion, magnetic field inhomogeneity, or image processing anomalies. 
 
Large patient movements can cause widespread blurring, ghosting, or signal drop-
out. They arise when the patient’s body moves between successive TRs. Movement 
artefacts are minimised by strapping the patient in and asking them to remain still. 
However, some vulnerable patient groups are not always able to comply with this. 
Motion artefacts also arise from normal biological events, such as respiration and 
cardiac motion. Their degree of influence depends on the region being imaged. 
Respiratory and cardiac motion artefacts can be reduced by measuring respiratory 
and cardiac motion, and synchronising this with the scan acquisition protocol. 
However, these methods are limited by the regularity of the patient’s respiration. 
 
Inhomogeneity artefacts are caused by imperfections in the magnet as well as 
inherent susceptibility effects in the patient. They result in signal intensity 
alterations and distortions in the MRI scan. The magnetic field gradients can only 
produce truly linear gradients over a short distance, which means that larger FOVs 
C h a p t e r  2 :  I n t r o d u c t i o n  t o  M R I                          | 80 
 
 
 
are more likely to contain regions of non-linearity, which typically compresses the 
scan at the edges of the FOV. Susceptibility artefacts occur because different tissues 
are magnetised to varying degrees within the scanner’s magnetic field. Bone and air 
have low magnetic susceptibility, whilst blood has a high magnetic susceptibility. 
At the boundaries between these tissues (for example, in the medial temporal lobes) 
the different magnetic fields generated within the tissues cause microgradients 
which increase the dephasing of protons at the tissue boundary, thus reducing the 
MR signal. Large magnetic field inhomogeneities can be caused by metallic objects. 
Most metallic objects have a much higher magnetic susceptibility than tissues in the 
body. Metals also absorb RF energy more readily, which poses a safety issue since 
they can heat up, and can also lead to artefacts caused by the distortion of the B0 
field. Susceptibility and metal artefacts can be reduced or eliminated with the use of 
spin echo pulse sequences, due to the ability of spin echo to cancel out 
inhomogeneity effects. Short TEs can also be used, and loose metallic objects should 
always be removed prior to scanning. 
 
Digital imaging artefacts can be caused by a large number of issues, including 
limitations with discrete FTs. Phase wrap-around artefacts occur when an area of 
anatomy continues outside of the FOV and is displayed at the opposite edge of the 
scan in the phase-encode direction. Wrap-around artefacts can be prevented by 
saturating MR signals just outside the FOV. Alternatively, phase oversampling is 
employed, which increases the FOV in the phase-encode direction whilst also 
increasing the number of phase-encode steps so that the voxel size remains the 
same. The unwanted edges can be cut off by the computer once the scan is complete. 
This also elevates SNR, but does increase scan time. 
 
2.10.5 Scanning conflicts 
MRI scans are a trade-off between the spatial resolution, SNR, and scanning time. 
As we have seen, reducing voxel size will reduce partial volume effects. However, it 
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will decrease the SNR and increase the scanning time. Each scan is a compromise 
between the voxel size needed for a satisfactory SNR and appropriate visualisation 
of the relevant anatomy. Ultimately the best protocol depends upon the aim of the 
MRI scan, and the nature of the area being scanned. For example, it may be 
important to have a very short scanning time for vulnerable patients. Alternatively, 
when imaging highly-detailed structures it may be necessary to obtain a scan with a 
higher spatial resolution, accepting the concomitant SNR reduction and increased 
scan time. 
 
2.11 EPI 
Thus far, the basic principles of MRI have been outlined and the principle behind 
the generation of T1- and T2-weighted MRI scans has been described. This section 
focuses on the principles of echo planar imaging (EPI) [147]. EPI sequences are very 
fast and are used to obtain diffusion-weighted scans for the study of structural 
connectivity and functional MRI (fMRI) scans for the investigation of functional 
activations. 
 
EPI can be used as the ‘read-out’ module in either a gradient echo or spin echo 
sequence. Spin echo-EPI gives T2-weighted contrast and gradient-echo EPI gives T2*-
weighted contrast. T1-weighted contrast can be obtained in EPI via the addition of 
an inversion pre-pulse prior to the excitation 90° RF pulse. The pre-pulse flips all of 
the spins by 180°, meaning that, by the time of the 90° excitation pulse, tissues will 
start with different levels of longitudinal magnetisation, depending on their T1 
relaxation time. The time between the inversion pre-pulse and the excitation pulse is 
the inversion time (TI), which can be altered in order to control the strength of the T1 
contrast.  
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EPI sequences are either single-shot or multi-shot. In single-shot EPI the whole of k-
space is acquired from one RF excitation, whilst multi-shot EPI covers a portion of 
k-space at a time, thus requiring multiple excitations. The EPI sequence can also be 
blipped or non-blipped, depending on how the GPE is applied. In a non-blipped EPI 
sequence, a constant GPE is applied at the same time as the GFE which oscillates 
between positive and negative gradients. The MR signal is measured in concert with 
the GFE. In contrast to this, a blipped EPI sequence uses a small GPE blip near the end 
of each GFE pulse (at the point of the reversal of GFE). The GPE blips are constant in 
size, but add further phase encoding to one another. This means that more phase 
encoding is added as the sequence continues (see Figure 23). 
 
 
Figure 23 A blipped gradient echo EPI sequence. The acquired MR signal is 
reduced over time due to T2* decay. 
 
The speed of EPI sequences is offset by low resolution and enhanced sensitivity to 
artefacts. The most common type of artefact is the Nyquist ghost, caused by 
imperfections in the rephasing-dephasing cycle induced by the rapidly switching 
C h a p t e r  2 :  I n t r o d u c t i o n  t o  M R I                          | 83 
 
 
 
GFE. Chemical shifts are also very common in EPI due to the high GFE amplitudes 
employed. Due to the shielding effect of hydrocarbon chains, fat is a major cause of 
chemical shift; therefore, fat suppression is essential in EPI. The high amplitude GFE 
also means that small magnetic field inhomogeneities result in fairly large 
distortions. Furthermore, eddy currents are induced due to the rapidly changing 
magnetic fields in EPI. The magnetic fields generated by these eddy currents cause 
distortions in the resulting image. The use of reference scans and pre-emphasis in 
the gradient coil hardware are used to reduce eddy current-related artefacts. 
 
Diffusion-weighted EPI is the subject of the work described in this thesis, so a 
description of diffusion-weighted MRI is given in the following sections. A main 
reference for this section is [148]. 
 
2.12 Diffusion-weighted MRI 
Diffusion is the spontaneous, random movement of molecules that causes mixing. It 
was first observed in pollen grains suspended in water by Brown [149], and is 
sometimes referred to as Brownian motion. As described by Fick’s law (Equation 7), 
the net movement of molecules (J) in free diffusion is governed by the particle 
concentration gradient (∇C) and the diffusion coefficient (D). The diffusion 
coefficient is an intrinsic property, dependent upon the size of the molecules and 
temperature, since molecules have greater kinetic energy at higher temperatures. 
 
 J = -D∇C Equation 7
 
The diffusion-driven displacement of molecules within a specified timeframe (τ) can 
be quantified in an equation developed by Einstein [150][151] as the mean-squared 
displacement of a collection of molecules (<r2>) (see Equation 8).  
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 <r2> = 6Dτ Equation 8
 
Water molecules are highly prevalent in the human body, and diffuse, as defined by 
the principles of diffusion, with random Brownian motion. Water molecules 
(chemical symbol H2O) consist of hydrogen atoms bound to one oxygen atom. As 
outlined in Section 2.4, hydrogen nuclei (protons) undergo NMR which can be 
harnessed to create an image of body tissues using MRI. This means that the protons 
in water molecules can be targeted in order to measure water diffusion in the body. 
This forms the basis of the diffusion-weighted MRI scan. Diffusion-weighted MRI 
generates images representing the degree of mobility of water in a given direction 
for each tissue. This provides information regarding the microstructure of tissues, 
since water will only diffuse where cellular structures permit its transit. 
 
The most common sequence used to generate diffusion-weighted MRI is the pulsed 
gradient spin echo (PGSE) followed by an EPI readout (see Figure 24). PGSE 
consists of a 90° RF pulse followed by application of a magnetic field gradient called 
the diffusion gradient. The diffusion gradient results in a range of proton 
precessional frequencies along its axis, thus dephasing the spins. A 180° RF pulse is 
then applied followed by a second diffusion gradient. The second diffusion gradient 
is equal in magnitude, but opposite in direction to the first diffusion gradient. A 
typical EPI readout then follows where the MR signal is measured. TE is often 
comparatively long in diffusion-weighted imaging so that adequate diffusion 
gradients can be applied, although modern scanners with faster gradients can 
counteract this to some extent. 
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Figure 24 A pulsed gradient spin echo (PGSE) sequence that precedes a spin 
echo EPI sequence in order to generate a diffusion-weighted image. 
The diffusion gradient has a magnitude (G), a duration (δ), and the distance 
between the centre of each diffusion gradient is denoted by (Δ). 
 
The strength (G) and duration (δ) of the diffusion gradients can be adjusted, in 
addition to the interval between them (Δ) – often referred to as the leading edge 
separation. Adjustments in the diffusion gradients enables control of the degree of 
diffusion-weighting in the scan, otherwise known as the b-value (see Equation 9), 
where the (Δ-δ/3) parameter is also known as the diffusion time τ. 
 
 b = γ2G2δ2(Δ-δ/3) Equation 9
 
Equation 10 describes how the strength of the diffusion-weighted signal (S) relative 
to the signal intensity without diffusion weighting (S0) relates to the b value, and to 
the diffusion coefficient. Typically b-values of 1000 s mm-2 are required for 
diffusion-weighted contrast. Imaging volumes with a b value of 0 are also acquired 
during diffusion-weighted MRI. These b=0 volumes are inherently T2-weighted (see 
Section 2.7.2), and are used in later stages of data analysis. 
 S/S0 = e-bD Equation 10
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2.12.1 Diffusion-weighted contrast 
The contrast on diffusion-weighted scans represents the amount water-bound 
protons have diffused during the diffusion time (see Figure 25). The initial diffusion 
gradient dephases the proton spins, based on their position along the diffusion 
gradient. Water molecules in tissues that restrict diffusion are not able to diffuse 
much, and thus cannot spread in random directions. This constraint to their 
diffusion means that the majority of the proton spins have not significantly changed 
location and are rephased by the second diffusion gradient, which is equal but 
opposite to the first diffusion gradient. This means that a stronger MR signal is 
measured, and the area has a high-intensity on the diffusion-weighted scan. 
Conversely, in tissues in which water molecules can diffuse freely, the proton spins 
are not rephased by the second diffusion gradient. This dephasing results in 
attenuation of the measured MR signal; thus regions with freer water diffusion have 
lower signal intensity on a diffusion-weighted scan. 
 
 
Figure 25 A diffusion-weighted scan. 
Low signal intensity is shown in regions of high water diffusion, such as the 
CSF, and high signal intensity in regions with restricted water diffusion, such 
as the white matter. 
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The diffusion coefficient (introduced in Equation 7) applies only to free diffusion. In 
reality, the diffusion of water molecules is hindered by tissue structures, so the 
apparent diffusion coefficient (ADC) is measured. The ADC is calculated from the 
combination of the diffusion-weighted scan and the b=0 scan, and is visualised in an 
ADC map (see Figure 26). The contrast on an ADC map is the opposite of the 
diffusion-weighted contrast. Areas with a high ADC, and thus a greater degree of 
diffusion, have high signal intensity and appear bright, whereas areas with a low 
ADC have low signal intensity. 
 
 
Figure 26 An ADC map. 
High intensities reflect greater diffusion and low intensity voxels represent 
less diffusion [image courtesy of Dr Matthew Grech-Sollars]. 
 
2.12.2 Anisotropy 
The contrast on diffusion-weighted scans and ADC maps depends on the direction 
in which the diffusion gradient is applied. Only water diffusion along the direction 
of the applied diffusion gradient will be measured, and thus contribute to the signal 
on the diffusion-weighted image and the ADC map. This directional dependency 
means that the full picture of diffusion can only be visualised with the application of 
several diffusion gradients in multiple directions. This is known as the angular 
resolution, whereby the amount of diffusion information that can be extracted from 
a scan increases with the number of directions the diffusion gradients are applied in. 
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However, there is a trade-off because a greater number of gradient directions 
increases the length of time a scan takes, and longer scans increase the likelihood of 
participant discomfort and motion artefacts in the resulting image. It is now typical 
to scan using high angular resolution diffusion-weighted imaging (HARDI) 
acquisition protocols [152], which measure the diffusion-weighted signal using a 
large number of uniformly distributed DW gradient directions that are able to 
capture the higher angular frequency features of diffusion. When using multiple 
diffusion gradient directions, the entire scan area is re-scanned with each new 
gradient direction. This produces a new image for each gradient direction, called a 
volume. At the end of the scan all the volumes are concatenated together to form the 
final diffusion-weighted scan. Also included in the final scan are several volumes 
with no diffusion weighting applied (b=0), which act as reference images during 
processing (see Figure 27). 
 
 
Figure 27 Three volumes from a diffusion-weighted scan, showing the effect 
of diffusion-weighted gradients on contrast. 
A volume with no diffusion weighting (b=0) is shown on the left, and two 
volumes with different diffusion-weighted gradients (b=1000 s mm-2) are 
shown in the middle and right panels. 
 
The directionality of water diffusion in a tissue arises from its microstructural 
organisation. Water in extracellular spaces is free to diffuse equally in all directions. 
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This is termed isotropic diffusion. Water molecules within cells are more 
constrained in their diffusion – both in terms of the direction they can diffuse, and 
the distance that they can travel during the diffusion time. This limitation primarily 
arises from cell membranes which impede the diffusion of water between cells. 
Directionally-restricted diffusion is termed anisotropy. 
 
The work presented in this thesis focuses on MRI of the brain. As outlined in Section 
1.2.1, neurons in the brain have a near-spherical cell body. Water molecules in this 
part of the cell are reasonably free to diffuse and so the diffusion is close to 
isotropic. Neurons also have a long, narrow axon that projects towards other 
neurons in order to relay electrical signals. Water molecules in the axon are 
constrained by the narrow, directional nature of the structure. They are also 
restricted by the myelin sheath which surrounds the axon and increases the 
efficiency of information relay. Thus, water molecules are relatively free to diffuse 
parallel with the axon, but are very limited in their diffusion perpendicular to the 
axon. This means that diffusion within the axon is anisotropic. Extracellular water 
diffusion in the brain is also guided by the shape and packing density of cells – with 
relatively more extracellular diffusion occurring in tissues with loosely-packed cells, 
than tightly-packed regions. Neuron cell bodies are termed the grey matter, and the 
myelinated axons the white matter (see Section 1.2.1). 
 
2.12.3 The diffusion tensor model 
The amount of directional restriction in each voxel of a diffusion-weighted scan can 
be calculated, and forms the basis of measurements of microstructure using a 
method called diffusion tensor imaging (DTI) [153]. The diffusion tensor enables 
rotationally-invariant quantification of anisotropy, and at least 6 diffusion gradients 
are needed to produce a diffusion tensor that is capable of visualising water 
diffusion in multiple directions. The diffusion tensor is a 3x3 matrix that 
characterises diffusion in 3D (see Figure 28). It is mathematically described by its 
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eigenvectors (ε1,ε2 and ε3), the three main diffusion directions, and eigenvalues (λ1, 
λ2 and λ3) which measure the magnitude of diffusion along these eigenvectors. The 
direction with the highest eigenvalue (λ1), and thus the greatest diffusion, is known 
as the principal diffusion direction (PDD). Diffusion tensors can also be denoted 
using ellipsoids, with isotropic diffusion represented using a spherical ellipsoid, and 
anisotropic diffusion by a cigar-shaped ellipsoid (see Figure 29 and Figure 29). 
 
 
 
Figure 28 The diffusion tensor matrix. 
The diagonal elements of the matrix represent ADC along the three orthogonal 
axes, and the off-diagonal elements correspond to the correlation between 
displacements along these three axes. Examples of a) an isotropic diffusion 
tensor and its associated matrix, and b) an anisotropic diffusion tensor and its 
associated matrix. 
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Figure 29 Diffusion tensors. 
Principal (λ1) and minor (λ2 and λ3) diffusion directions are shown. a) An 
isotropic diffusion tensor in which diffusion is uniform in all directions, thus 
λ1, λ2 and λ3 are equal. b) An anisotropic diffusion tensor with increased 
diffusion in the principal direction, λ1. 
 
2.12.3.1 Fractional anisotropy 
The degree of anisotropy, and thus the extent of the directionality, of the diffusion 
tensor can be quantified using fractional anisotropy (FA) [154]. FA is a scalar value 
calculated from the tensor eigenvalues (see Equation 11), where . 
 
  Equation 11
 
Values of FA range from 0 for an entirely isotropic tensor to 1 for a fully anisotropic 
tensor. FA is used as a biomarker of white matter microstructure. The white matter 
of the brain is anisotropic due to the long thin structures of the axon which align in 
tract bundles forming a directed, coherent structure. FA values in the white matter 
range from 0.2 to values approaching 0.8, reflecting the underlying coherence of the 
structure. Healthy white matter will have numerous axons, each with cell 
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membranes inhibiting the perpendicular diffusion of water, resulting in a relatively 
high FA. In contrast, atrophied or damaged white matter is likely to have fewer 
axons due to processes such as cell death. This reduced number of axons means that 
diffusion is less directionally-restricted and FA is reduced. Dendritic pruning – a 
developmental process in which sporadic axonal connections are pruned to leave a 
more coherent structure – also reduces FA. Additionally, axons with reduced 
membrane integrity due to malformation or damage will be compromised, and 
permit greater perpendicular diffusion where it would otherwise be hindered by the 
membrane. This will also result in a reduction of FA. This means that white matter 
FA is a useful measure for probing the health, or coherence, of the white matter. 
 
The FA value for the diffusion tensor in each voxel of the diffusion-weighted MRI 
data can be visualised in an FA map. Voxels with a high intensity on the FA map 
have a diffusion tensor with a high FA value and are more anisotropic, whilst those 
voxels with more isotropic diffusion tensors have a reduced FA value and are lower 
intensity (see Figure 30). 
 
 
Figure 30 A fractional anisotropy map. 
Low signal intensity is shown in regions with a lower FA value (more isotropic 
diffusion) and higher signal intensity in areas with a higher FA (more 
anisotropic diffusion). 
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2.12.3.2 Diffusivity 
Mean diffusivity (MD) is an average of the magnitude of water diffusion over all 
directions in a given voxel (see Figure 31). It is therefore independent of direction, 
and thus provides a measure of the magnitude of water diffusion occurring locally. 
Low MD values are a marker of reduced water displacement in a voxel, and signify 
that diffusion is restricted by microstructures, such as the myelinated cell 
membranes or tightly-packed cell bodies. Conversely, elevated MD values are a 
biomarker of increased water diffusion that is reflective of phenomena including 
reduced cell density, a lack of myelination, increased axon diameter or oedema. 
 
 
Figure 31 A mean diffusivity map. 
Low signal intensity is shown in regions with a lower MD value (less 
diffusion) and higher signal intensity in areas with a higher MD (more 
diffusion). 
 
Greater directional specificity can be obtained by measuring radial (RD) and axial 
diffusivity (AD). RD quantifies the average amount of diffusion along the two 
minor axes of the tensor perpendicular to the PDD (λ2 and λ3). In contrast, AD 
reflects the magnitude of diffusion along the PDD (or λ1), which in white matter is 
parallel with the axon bundle. These values can enable greater interpretation of MD 
results by assessing whether an increase or decrease in diffusion is predominately 
associated with microstructural changes in the white matter that are parallel or 
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perpendicular to the axon bundle. For example, an elevation of MD in white matter 
may be associated with elevated RD but no change in AD. This would suggest that 
the increased diffusivity of the tissue is related to an increase in perpendicular 
diffusion, which may be caused by a rise in membrane permeability and/or deficits 
in axon myelination. 
 
2.12.4 Ball and sticks model 
Alternative models to the diffusion tensor for estimating fibre orientation and 
reconstructing white matter tracts using tractography are outlined in Chapter 9. One 
such model is the ball-and-stick model in FSL [155], which estimates diffusion 
orientation using an isotropic ‘ball’ and multiple linear ‘sticks’ and thus allows for 
the representation of multiple diffusion orientations within a voxel (see Figure 32). 
 
 
Figure 32 Estimation of diffusion and its uncertainty within a voxel. 
The figures shows the use of a) diffusion tensor and b) the ball and sticks 
model. 
 
2.12.5 Analysis methods 
DTI scans can be used to obtain information about the microstructure of tissues with 
an inherent directionality, such as the white matter of the brain. Two branches of 
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analysis are employed in DTI analysis: region-of-interest (ROI) or voxel based 
comparisons, and tractography. These two methods are introduced below. 
 
2.12.5.1 Region-of-interest/voxel-based analysis 
FA and MD values within each voxel of a DTI scan can be compared between 
groups using methods such as voxel-based morphometry (VBM) [156] and tract-
based spatial statistics (TBSS) [157]. These voxel-wise methods enable precise 
localisation and identification of anomalies in the microstructure of the white 
matter, and can thus provide rich information regarding disease pathologies. Such 
methods are limited by the requirement for scans from numerous participants to be 
registered and aligned near-perfectly, and by partial volume artefacts that introduce 
error to the data. 
 
Alternatively, a collection of voxels can be grouped into a defined ROI across which 
FA and MD are averaged, and the average value compared between subjects. The 
ROI can be delineated manually or using automated software. ROI-based methods 
enable the investigation of several equivalent anatomical regions in multiple 
subjects, such as those voxels forming the corpus callosum – a large white matter 
tract joining the two hemispheres of the brain. However, ROI-based approaches are 
limited by the accuracy of the segmentation, may be operator-dependent, and 
restrict the analysis to those tracts that are the basis of a priori predictions. 
 
2.12.5.2 Tractography 
The white matter axons of the brain collect to form bundles, known as tracts, which 
structurally connect regions of grey matter to one another. As outlined in Section 
1.2, information is relayed along white matter tracts via action potentials, thus 
enabling different portions of the brain to interact and operate coherently. The 
directionally-restrictive structure of white matter means that one can assume that 
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the path of greatest diffusion within the brain occurs parallel to the axon fibre 
bundles, where diffusion is less hindered. Tractography aims to reconstruct the fibre 
bundles connecting ROIs using the PDD. During DTI data processing, the PDD 
within each voxel is recorded, representing the path of greatest diffusion. Figure 33 
shows a colour-coded representation of PDDs. 
 
 
Figure 33 A colour map showing the PDD in each voxel. 
Left-right PDD is shown in red, anterior-posterior (front-back) in green, and 
superior-inferior (top-bottom) in blue. 
 
In deterministic tractography, each voxel’s PDD is used to determine lines of 
connections across voxels to form a pathway of greatest diffusion. The resulting 
streamlines are representative of the major white matter tracts of the brain.  
 
However, DTI tractography uses the orientation of water diffusion, known as the 
diffusion orientation density function (dODF), as a proxy for the true white matter 
fibre orientation, known as the fibre ODF (fODF). The dODF will differ from the 
fODF due to noise and because, although water is most free to diffuse along the 
fibre bundle, water is also able to diffuse along other orientations perpendicular to 
the fibre bundle. This means that there is inherent uncertainty in estimations of the 
white matter tract orientation. Probabilistic tractography takes the uncertainty of 
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fibre orientation estimation into account by repeated sampling in order to obtain the 
probability of different white matter pathways, and weighting each pathway 
depending on its probability. Thus paths with a greater probability are assigned a 
greater weight and the most probable tract distribution is generated. 
 
Both deterministic and probabilistic tractography can proceed from a seed ROI to 
one or more target ROIs. Alternatively, models of expected white matter tract 
pathways can be used to guide tractography, such as neighbourhood tractography 
in TractoR [158] or TRACULA in FreeSurfer [159]. False positives can arise in 
probabilistic tractography due to the inclusion of a range of likely pathways; 
conversely, deterministic tractography is often associated with false negatives 
because it doesn’t take uncertainty into account. Nevertheless, there is good 
agreement between anatomy and tractography findings [160][161]. 
 
2.12.6 Advantages of diffusion MRI 
The main benefit of diffusion MRI is that it enables the non-invasive investigation of 
connectivity, which would otherwise be restricted to post-mortem dissection or 
tracer-based investigation. Diffusion MRI has been used clinically for applications 
such as the early identification of stroke [162], and in order to localise white matter 
lesions [163]. Diffusion MRI is often used in surgical planning to ensure that 
important white matter tracts are not resected during the removal of a tumour 
[164][165]. Research focuses on the utility of diffusion MRI to distinguish pathology, 
and increase the understanding of both typical and atypical brain structure and 
development. 
 
2.12.7 Limitations of diffusion MRI 
Noise and the presence of artefacts from sources such as eddy currents limit the 
accuracy of diffusion MRI measurements. However, image processing methods aim 
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to remove or reduce the effect of these from the data. A major limitation of diffusion 
MRI is resolution and associated partial volume. Voxel size is limited by the SNR. A 
small voxel is beneficial because it reduces the amount of partial volume – the 
presence of more than one tissue type within the same voxel. However small voxels 
contain less signal, which is a problem confounded by the fact that the signal is 
purposefully attenuated in order to measure diffusion. This limits voxels to a size 
much larger in size than that of a single axon and means that the MR signal for each 
voxel arises from a combination of inter- and intracellular sources. It is not possible 
to determine the directionality of white matter tracts using tractography, and it is 
not possible to establish whether a tract is functionally competent. Further, water 
diffusion is a proxy measure of fibre orientation. Therefore, diffusion MRI scans 
represent an approximation of microstructure. Nevertheless, comparison of 
tractography with post-mortem dissection in humans [160] and with tracers in 
animals [161] has reported good agreement, and diffusion MRI provides a great 
deal of clinically useful information. 
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Chapter 3 MRI Studies of Autism Spectrum Disorder 
 
As MRI methods have become more accessible, advances have been made in the 
study of brain structure and function in ASD. The work reported in this thesis 
builds on our understanding of brain structure in ASD, and this chapter summarises 
the substantial body of work that has been published in this field thus far. The 
overarching aims and hypotheses underpinning the thesis are outlined at the end of 
the chapter. 
 
3.1 Structural MRI studies of autism 
3.1.1 Whole brain volume 
Volumetric MRI studies have reported elevated whole brain volume in young 
children with ASD compared to control [166][167] and developmentally delayed 
[168] groups. This increase in brain volume in ASD is thought to affect the cerebrum 
to a greater extent than the cerebellum [169]. Indeed, reduced cerebellar grey matter 
volume has been reported in children and adolescents with ASD [166]. 
 
Longitudinally, the cerebrum is thought to grow at a faster rate in infants with ASD 
[170]; however similar cerebral growth rates in ASD and control groups have also 
been reported [171], and whole brain volume appears to be similar between ASD 
and control groups in older children and adolescents [167]. Recent work has 
suggested that caution must be maintained in light of recent evidence that estimates 
of early brain overgrowth in ASD may be exaggerated by inadequate reference 
ranges [172]. In a large-scale study by Courchesne et al. [173], whole brain volume 
was elevated in infants and toddlers with ASD and more rapid growth trajectories 
were observed; however, this was followed by deceleration of growth in the ASD 
group, leading to similar or smaller whole brain volumes, on average, in ASD by 
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adolescence and adulthood. Similar findings were reported by another large-scale 
longitudinal study carried out by Lange et al. [174].  
 
3.1.2 Grey matter, white matter, and CSF volumes 
Elevated grey matter and white matter volumes have been reported in volumetric 
MRI studies in children with ASD compared to control [173] and developmental 
delay [175] groups. A longitudinal study of toddlers found abnormally rapid 
cerebral grey and white matter growth trajectories in ASD [176]; however, grey and 
white matter volumes in older children and adolescents were similar between ASD 
and control groups [166], and Lange et al. [174] recently reported reduced mean 
white matter volume in ASD compared to controls. These studies indicate that the 
patterns of both grey and white matter volume changes in ASD mirror that of 
overall brain volume, with early rapid growth tailing off to result in similar volumes 
between groups in adolescence. 
 
In studies of ASD across a wide range of participant ages, mean ventricle volume 
was elevated [174][177], and a longitudinal study has reported elevated CSF volume 
in infants with ASD between 6 and 24 months of age [170]. These findings indicate 
that brain volume is decreased in ASD, but this inference is called into question 
when coupled with the evidence of early brain volume increases in ASD. These 
studies controlled for intracranial volume, so a likely explanation is that the ratio of 
brain volume to CSF volume shifts throughout development in ASD, with reduced 
brain volume and increased CSF volume, on average, throughout the lifespan. 
 
After controlling for total intracranial volume, disproportionate increases in 
temporal lobe grey matter and white matter volumes have been reported in 
comparison to controls [171] and developmentally delayed subjects [175], in 
addition to reduced corpus callosum volume in ASD [177]. Regional differences in 
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grey and white matter volume in ASD have also been identified using voxel-based 
approaches [178][179]. This indicates that certain regions of the brain are 
particularly affected in ASD. 
 
3.1.3 Sub-cortical grey matter volumes 
Volumetric MRI studies report both amygdala enlargement [180][181][168] and 
reduction [115][182] in ASD. A recent review of amygdala volume in ASD by Bellani 
et al. [183] identified that, on average, more studies reported enlarged amygdala 
volume in ASD. Two longitudinal MRI studies have identified early, accelerated 
amygdala growth in ASD [184][185]. Amygdala volume in ASD is discussed in 
greater detail in Chapter 6, where a study of amygdala structural connectivity is 
presented. 
 
In a study of amygdala and hippocampal volumes in adults, left amygdala volume 
was smaller in ASD compared to controls, while left hippocampal volume was 
larger [182]. A longitudinal study, also in adults, identified elevated right 
hippocampal volume in ASD and marginally different hippocampal growth 
trajectories in ASD compared to controls, while amygdala volume and growth were 
similar between groups [186]. Conversely, another longitudinal study found group 
differences in amygdala volume and growth and no significant results for 
hippocampal volumes and growth trajectories [187]. This indicates that both the 
amygdala and hippocampus are of interest in ASD, but that there is variability in 
their relative growth trajectories. 
 
Reduced thalamus volume has been recorded in ASD [188][189], which may be 
related to an association between thalamus volume and whole brain volume that is 
different in ASD compared to healthy controls [190]. Relatively few studies have 
investigated basal ganglia volumes in ASD. Elevated caudate [191] and putamen 
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volumes have been shown in ASD [192], although another study did not identify 
any significant group differences [193]. 
 
3.1.4 Cortical folding and thickness 
In a longitudinal study of children, no significant group differences in cortical 
thickness were identified [171]. Conversely, Raznahan et al. [194] and Haar et al. 
[177] identified focal regions of elevated cortical thickness in ASD compared to 
controls. Auzias et al. [195], reported increased sulcal folding in ASD compared to 
controls for the right intraparietal sulcus, the left medial frontal sulcus, and the left 
central sulcus. These findings suggest that the cortical grey matter is, in general, 
similar between ASD and control groups, but that small regions of the cortex 
develop with increased thickness and folding in ASD. This finding is concomitant 
with the observation of localised grey and white matter volume changes in ASD. 
 
3.2 Diffusion-weighted MRI studies of autism 
There has been a rapid increase in the number of MRI studies published in recent 
years, particularly with regards to DTI studies in ASD. It is likely that this rise has 
been afforded by increased availability of MR technology, greater development of 
diffusion MRI methods that are applicable to a variety of clinical and research 
questions, and a rationale for the investigation of structural connectivity in ASD.  
 
As would be anticipated from such a heterogeneous condition, the results of DTI 
studies in ASD are variable. It is likely that this variability arises from several 
quarters including, but not limited to: MRI scanner; scan protocol; analysis method 
applied; subject age and neurodevelopmental stage; biological sex; IQ; race; 
handedness; medication use; clinical severity and the nature of symptom 
presentation; diagnostic criteria employed. These influences can be roughly divided 
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into three main categories – methodology, demography, and clinical features. 
Depending on the aim of a particular research study, each of these three influencer 
categories is either of interest or a confound. For example, a study motivated by the 
effect of development on the brain in ASD will wish to sample different ages or 
developmental stages though keep all other parameters constant. With this in mind, 
the following section details published DTI studies in ASD, with reference to each 
study’s aims and category (in terms of participant and methodological features). 
Table 1 lists the majority of these studies ordered by ascending age of the ASD 
participants. PubMed searches and several review papers [196][197][198][199] were 
used to identify studies of interest. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Ben Bashat 
et al. (2007) 
[200] 
7 ASD: 1.8-3.3   41 TD 
(18M:23F): 9.6 (4mts-23yrs) 
Cross-section Whole brain & ROI 
FA Probability 
Displacement 
FA in ASD: corpus callosum (genu & 
splenium); left corticospinal tract.  FA and 
probability and  displacement in ASD: left 
internal capsule; left external capsule; left 
forceps minor.  probability and  
displacement in ASD: bilateral internal capsule; 
left corticospinal tract; right forceps minor.  
probability in ASD: right corticospinal tract.
Age effects:  restriction in 
forceps minor diffusion in ASD 
relative to TD developmental 
trajectory. 
Elison et al. 
(2013) [201] 
16 HR+ASD (11M:5F)  40 HR-
ASD (20M:20F)  41LR 
(24M:17F) 6mths 
Cross-section 
Streamline 
tractography: corpus 
callosum (genu, 
splenium). 
FA AD RD n/a 
Correlation: Splenium RD & visual 
orienting latencies in LR. 
Elison et al. 
(2013) [202] 
16 HR+ASD  40 HR-ASD  41LR 
6mths 
Cross-section 
Streamline 
tractography: arcuate 
fasciculus 
FA n/a 
FA of right uncinate fasciculus 
predicts response to joint 
attention. No relationship with 
responsive language ability. 
Wolff et al. 
(2012) [203] 
28 HR+ASD (21M:7F): 
6.8mths (0.8)   17 HR+ASD 
(13M:4F): 12.7mths (0.7)  17 
HR+ASD(13M:4F): 24.5mths 
(0.6)   64 HR-ASD (38M:26F): 
6.7mths (0.8)   49 HR-ASD 
(38M:26F): 12.7mths (0.6)  33 
HR-ASD (19M:14F): 24.7mths 
(0.8) 
Longitudinal 
Streamline 
tractography: anterior 
thalamic radiation, 
corpus callosum, 
uncinate fasciculus, 
fornix, inferior 
longitudinal fasciculus, 
internal capsule. 
FA AD RD 
FA in HR+ 6 months: corpus callosum (body); 
left fornix; left inferior longitudinal fasciculus; 
left uncinate fasciculus; bilateral internal 
capsule. FA in HR+ 24 months: left internal 
capsule; left anterior thalamic radiation.
Age effects:  rate of change in FA 
in ASD related to TD developmental 
trajectory 6-24mths: bilateral 
fornix; inferior longitudinal 
fasciculus; uncinate fasciculus; 
corpus callosum (body); internal 
capsule; left anterior thalamic 
radiation. 
Xiao et al. 
(2014) [175] 
50 ASD (42M:8F): 29.9mths 
(5.54)  28 DD (22M:6F): 
28.2mths (4.4) 
Cross-section VBM FA MD 
FA in ASD: corpus callosum; posterior 
cingulate; limbic lobe. MD in ASD: corpus 
callosum; posterior cingulate; left limbic lobe; 
left insula.
n/a 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Weinstein 
et al. (2011) 
[204] 
22 ASD: 3.2 (1.1)  32 TD: 3.4 
(1.3) 
Cross-section 
TBSS & Streamline 
tractography: corpus 
callosum, arcuate 
fasciculus, cingulum 
FA MD AD RD 
TBSS:  FA and  RD in ASD: left arcuate 
fasciculus; corpus callosum (genu & body); 
bilateral cingulum. Tractography:  FA. 
n/a 
Abdel Razek 
et al. (2014) 
[205] 
19 ASD (16M:3F): 55.2mth 
(5.3mth)  10TD (8M:2F): 
53.2mth (4.1mth) 
Cross-section ROI ADC 
ADC in ASD: corpus callosum (genu, splenium); 
frontal lobe; temporal lobe. 
Positive correlation: ADC & CARS in 
the genu, splenium, and frontal and 
temporal lobe white matter. ADC 
frontal white matter & social skills. 
Temporal lobe ADC & language 
Walker et 
al. (2012) 
[206] 
39 ASD (28M:11F): 4.6 (1.8)  
39 TD (26M:13F): 4.7 (1.8) 
Cross-section TBSS FA MD AD RD 
 FA in ASD: whole white matter.  MD, AD 
and RD in ASD: posterior white matter. 
Positive correlation: FA & age. 
Negative correlation: MD, AD and 
RD & age. 
Sundaram 
et al. (2008) 
[207] 
50 ASD (43M:7F): 4.8 (2.4)  16 
TD (11M:5F): 6.8 (3.5) 
Cross-section 
Streamline 
tractography: short and 
long-range frontal 
tracts 
FA ADC Average 
fibre length 
 FA in ASD: short-range frontal tracts.  ADC 
in ASD: short and long-range frontal tracts. 
No significant results after 
correction. 
Kumar et al. 
(2010) [208] 
32 ASD (29M:3F): 5 (1.9)  12 
DI-ASD: 4.6(3-9)  16 TD: 5.5 
(2) 
Cross-section 
TBSS & Streamline 
tractography: inferior 
fronto-occipital 
fasciculus, uncinate 
fasciculus, cingulum, 
arcuate fasciculus, 
corpus callosum 
FA MD Fibre 
length, volume 
and density 
TBSS:  FA in ASD: right uncinate fasciculus; 
corpus callosum; right cingulum; left arcuate 
fasciculus. Tractography:  FA in ASD: right 
uncinate fasciculus; left arcuate fasciculus; 
right cingulum; corpus callosum.  ADC in 
ASD: right arcuate fasciculus.  Fibre length, 
volume & density in ASD: right uncinate 
fasciculus. No significant differences in FA or 
ADC between ASD and DI. 
Positive correlation: left uncinate 
fasciculus fibre volume & GARS AQ, 
GARS stereotypic behaviour and 
GARS social isolation in ASD. Left 
uncinate fasciculus fibre density & 
GARS stereotypic behaviour and 
GARS social isolation in ASD. Right 
uncinate fasciculus fibre volume 
and right arcuate fasciculus fibre 
volume and fibre density & GARS 
stereotypic behaviour in ASD. 
Corpus callosum fibre density and 
length & VABS communication in 
ASD. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Sivaswamy 
et al. (2010) 
[209] 
27 HFA (24M:3F): 5 (2.6-9)  
16 TD (12M:4F): 5.9 (2.6-8.9) 
Cross-section ROI: cerebellum FA MD 
 MD in ASD: bilateral superior cerebellar 
peduncle. 
n/a 
Jeong et al. 
(2011) [210] 
32 ASD (29M:3F): 5 (1.9)  16 
TD: 5.5 (2) 
Cross-section 
Tract-based 
morphometry: arcuate 
fasciculus, uncinate 
fasciculus, corpus 
callosum (genu) 
FA AD RD 
Curvature 
 FA in ASD: corpus callosum (genu); bilateral 
arcuate fasciculus; left uncinate fasciculus.  
RD in ASD: corpus callosum (genu); bilateral 
arcuate fasciculus; bilateral uncinate fasciculus. 
 curvature in ASD: arcuate fasciculus; 
uncinate fasciculus; corpus callosum (genu). 
n/a 
Jeong et al. 
(2012) [211] 
13 HFA (11M:2F): 5.2 (3.4)  
11LFA (10M:1F): 4.1 (2.1)  
14TD (11M:3F): 6.8 (3.1) 
Cross-section 
Tractography & Tract-
based morphometry: 
cerebellum 
FA AD RD Fibre 
volume 
 FA in HFA and LFA: dentatorubrothalamic 
tract.  FA in LFA: caudal midbrain; dorsal-
caudal dentate; ventral-caudal dentate. 
Positive correlation: right ventral-
rostral and ventral-caudal tract FA 
& communication in HFA+LFA. 
Right dorsal-rostral tract and daily 
living skills. 
Billeci et al. 
(2012) [212] 
22 ASD: 5.5 (2)  10 TD: 5.3 
(2.5) 
Cross-section 
TBSS & streamline 
tractography: cingulum, 
corpus callosum, 
arcuate fasciculus 
FA MD AD RD 
Number of 
streamlines 
Streamline 
length 
TBSS:  FA in ASD. Tractography:  FA, MD 
and AD in cingulum and arcuate fasciculus. 
streamline length in ASD: cingulum; corpus 
callosum.  number of streamlines in ASD: 
arcuate fasciculus. 
Positive correlation: arcuate 
fasciculus streamline length and 
left cingulum AD & non-verbal IQ in 
TD; bilateral arcuate fasciculus 
streamline length & language in 
ASD. Negative correlation: arcuate 
fasciculus MD and AD & language 
in ASD; corpus callosum MD, AD 
and RD & language in ASD. 
Interactions with age in both 
groups. 
Mengotti et 
al. (2011) 
[213] 
20 ASD (18M:2F): 7 (2.75)  
22TD (20M:2F): 7.68 (2.03) 
Cross-section VBM & ROI ADC 
 ADC in ASD: bilateral frontal cortex; left 
corpus callosum (genu). 
Negative correlation: widespread 
ADC & age in ASD group. No 
significant correlation in TD. 
Hong et al. 
(2011) [214] 
18 HFA (M): 8.7 (2.2)  16 TD 
(M): 9.8 (1.9) 
Cross-section 
Streamline 
tractography: corpus 
callosum  
FA ADC Number 
of fibres 
Average fibre 
length 
 ADC and number of streamlines in ASD: 
anterior corpus callosum. 
No significant results after 
correction. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Ke et al. 
(2009) [215] 
12 HFA (M): 8.8 (2.3)  12 TD 
(M): 9.4 (2.1) 
Cross-section VBM FA 
 FA in ASD: right medial temporal gyrus; right 
frontal lobe.   FA in ASD: bilateral medial 
frontal gyrus; left inferior frontal gyrus; left 
superior temporal gyrus. 
Positive correlation: right frontal FA 
and total CARS score. 
Koldewyn et 
al. (2014) 
[216] 
40 ASD (35M:5F): 8.98 (1.81)  
43 TD (35M:8F): 8.90 (1.87) 
Cross-section 
Probabilistic 
tractography  
FA MD AD RD No significant differences. Interaction: age. 
Cheung et 
al. (2009) 
[217] 
13 HFA (12M:1F): 9.3 (2.6)  14 
TD (13M:1F): 9.9 (2.5) 
Cross-section VBM FA 
 FA in ASD: right arcuate fasciculus; left 
occipital lobe.   FA in ASD: bilateral 
prefrontal cortex; temporal lobe; cerebellum. 
Positive correlation: left precentral 
gyrus and ADI-R communication. 
Negative correlation: FA fronto-
striatal-temporal tracts & ADI-R 
communication and social 
reciprocity. FA corpus callosum and 
cerebellum & ADI-R repetitive 
behaviours. Several white matter 
tracts and ADI-R-A, repetitive 
behaviours and communication. 
Brito et al. 
(2009) [218] 
8 ASD (M): 9.5 (1.8)    8 TD 
(M): 9.6 (1.4) 
Cross-section 
ROI: corpus callosum, 
cingulum, arcuate 
fasciculus, internal 
capsule, frontal lobe, 
optic radiation, 
corticospinal tract, 
cerebellum 
FA 
 FA in ASD: corpus callosum (anterior); right 
corticospinal tract; bilateral posterior internal 
capsule; cerebellar peduncle. 
n/a 
Hanaie et al. 
(2014) [219] 
18 ASD (17M:1F): 9.5 (2.6)  
12TD (11M:1F): 10.8 (2.1) 
Cross-section 
Tractography: corpus 
callosum 
FA AD RD Fibre 
density Average 
fibre length 
 average fibre length in ASD: corpus callosum 
(body); forceps major.  AD in ASD: tapetum. 
Negative correlation: FA forceps 
major & ADOS-G communication 
within ASD. Other correlations do 
not survive correction. 
Poustka et 
al. (2011) 
[220] 
18 ASD (16M:2F): 9.7 (2.1)  18 
TD (16M:2F): 9.7 (1.9) 
Cross-section 
Streamline 
tractography: fornix, 
arcuate fasciculus, 
uncinate fasciculus, 
corpus callosum 
FA 
 FA in ASD: right arcuate fasciculus; bilateral 
uncinate fasciculus. 
Negative correlation: FA & ADOS 
and FA & ADI-R. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Mills et al. 
(2013) [221] 
10 ASD (8M:2F): 9.8 (1.4)  17 
TD (8M:9F): 9.2 (1.8) 
Cross-section 
Streamline 
tractography: Inferior 
fronto-occipital 
fasciculus, inferior 
longitudinal fasciculus, 
superior longitudinal 
fasciculus. 
FA ADC RD 
 ADC and RD in ASD: right inferior 
longitudinal fasciculus. 
Positive correlation: right inferior 
longitudinal fasciculus FA & 
language ability in ASD. Negative 
correlation: right inferior 
longitudinal fasciculus MD and RD 
and language ability in ASD. 
Hanaie et al. 
(2013) [222] 
13 ASD (12M:1F): 9.8 (2.8) 11 
TD (10M:1F): 10.7 (1.9) 
Cross-section 
Tractography: 
cerebellum 
FA AD RD 
 FA in ASD: right superior cerebellar 
peduncle. 
Positive correlation: FA right 
superior cerebellar peduncle & 
motor score. 
Barnea-
Goraly et al. 
(2010) [223] 
13 ASD (11M:2F): 10.5 (2)   11 
TD: 9.6 (2.1) 
Cross-section TBSS FA AD RD 
 FA in ASD: medial prefrontal cortex; frontal 
corona radiata; corpus callosum (body); right 
internal capsule; arcuate fasciculus; bilateral 
external capsule; superior temporal gyrus; 
temporo-parietal junction.  AD in ASD: 
bilateral medial prefrontal cortex; right forceps 
minor; internal capsule; arcuate fasciculus; 
corona radiata; superior temporal gyrus. 
No significant results. 
Peterson et 
al. (2014) 
[224] 
36 HFA (31M:5F): 10.5 (1.4)  
37 TD (31M:6F): 10.1 (1.4) 
Cross-section ROI FA MD 
 MD average left hemisphere; left 
parahippocampal gyrus; left sagittal stratum; 
left superior temporal gyrus. 
Negative correlation: MD & age. 
Jou et al. 
(2011) [225] 
15 ASD (M): 10.9 (3.7)  8 TD 
(M): 11.5 (2.6) 
Cross-section TBSS FA 
 FA in ASD: bilateral inferior fronto-occipital 
fasciculus; forceps minor. 
No significant results. 
Cheon et al. 
(2011) [226] 
17 HFA (M): 11 (2.1)  17 TD 
(M): 10.2 (2) 
Cross-section 
TBSS & ROI: anterior 
thalamic radiation, 
posterior thalamic 
radiation, superior 
thalamic radiation, 
uncinate fasciculus, 
inferior longitudinal 
fasciculus, corpus 
callosum 
FA MD AD RD 
TBSS:  FA and  MD in ASD: right anterior 
thalamic radiation; corpus callosum; left 
uncinate fasciculus. ROI:  FA and  RD in 
ASD: bilateral anterior thalamic radiation; 
corpus callosum; left uncinate fasciculus; left 
inferior longitudinal fasciculus.  MD in ASD: 
corpus callosum.  AD in ASD: bilateral 
inferior longitudinal fasciculus 
Negative correlation: anterior 
thalamic radiation and right 
uncinate fasciculus FA & SRS. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Lai et al. 
(2012) [227] 
16 LFA (14M:2F): 11 (3.7)  18 
TD (14M:4F): 11.2 (4.4) 
Cross-section 
Probabilistic 
tractography: arcuate 
fasciculus, inferior 
fronto-occipital 
fasciculus 
FA MD Tensor 
norms 
 FA in ASD: left arcuate fasciculus.  Tensor 
norms in ASD: bilateral inferior fronto-occipital 
fasciculus 
No significant results. 
Nagae et al. 
(2012) [228] 
18 ASD-SLI: 11.3 (6.7-17.5)  
17 ASD+SLI: 9.6 (6.8-14.8)  
25TD: 11.4 (6.5-18) 
Cross-section 
Streamline 
tractography: arcuate 
fasciculus, corticospinal 
tract. 
FA MD λ1 λ2 λ3 
 MD and λ1 in ASD+SLI: left superior 
longitudinal fasciculus.  MD in ASD+SLI and 
ASD-SLI: corticospinal tract. 
Negative correlation: left superior 
longitudinal fasciculus MD & CELF-4 
across all participants. No group-
specific age effects. 
Ameis et al. 
(2011) [229] 
19 ASD (16M:3F): 12.4 (3.1)  
16TD (8M:8F): 12.3 (3.6) 
Cross-section 
TBSS & ROI: corona 
radiata, corpus 
callosum, inferior 
fronto-occipital 
fasciculus, inferior 
longitudinal fasciculus, 
uncinate fasciculus, 
arcuate fasciculus. 
FA MD AD RD 
TBSS in children only:  MD and RD in ASD: 
bilateral corona radiata; uncinate fasciculus; 
inferior fronto-occipital fasciculus; arcuate 
fasciculus; right inferior longitudinal fasciculus; 
forceps minor; forceps major. ROI in children 
only:  MD and RD in ASD: bilateral corona 
radiata; right inferior longitudinal fasciculus; 
uncinate fasciculus. 
TBSS: No age by group interaction. 
ROI in children: age by group 
interaction in right inferior 
longitudinal fasciculus; uncinate 
fasciculus RD; bilateral corona 
radiata.  
Ameis et al. 
(2013) [230] 
19 ASD (16M:3F): 12.4 (3.1)  
16TD (8M:8F): 12.3 (3.6) 
Cross-section 
Streamline 
tractography: cingulum  
FA MD AD RD 
 FA and  MD in children <11 years with 
ASD: cingulum. 
n/a 
Shukla et al. 
(2010) [231] 
26 ASD (25M:1F): 12.7 (6)   24 
TD (23M:1F): 13 (0.6) 
Cross-section ROI FA MD AD RD 
 FA and  RD in ASD: whole white matter; 
corpus callosum; internal capsule; middle 
cerebellar peduncle.   MD in ASD: whole 
brain white matter; internal capsule.  AD in 
ASD: corpus callosum. 
No significant results. 
Shukla et al. 
(2011) [232] 
26 ASD (25M:1F): 12.7 (6)   24 
TD (23M:1F): 13 (0.6) 
Cross-section 
ROI: short vs long-
distance tracts 
FA MD RD 
 FA in ASD: long-distance white matter in 
whole brain.  FA in ASD: short-distance 
frontal tracts.  MD and RD in ASD: short-
distance frontal, temporal, and parietal tracts. 
Negative correlation: FA, MD and 
RD & age in ASD. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Shukla et al. 
(2011) [233] 
26 ASD (25M:1F): 12.7 (6)   24 
TD (23M:1F): 13 (0.6) 
Cross-section TBSS FA MD AD RD 
 FA and  MD and RD in ASD: inferior 
longitudinal fasciculus; inferior fronto-occipital 
fasciculus; arcuate fasciculus; cingulum; 
anterior thalamic radiation; corticospinal tract; 
forceps major. 
Correlation: FA and MD & age in 
TD. 
Sahyoun et 
al. (2010) 
[234] 
9 HFA (7M:2F): 12.8 (1.5)   12 
TD (9M:3F): 13.3 (2.5) 
Cross-section TBSS FA 
 FA in ASD: forceps minor; left inferior 
occipital fasciculus; left arcuate fasciculus; right 
inferior fronto-occipital fasciculus  FA in ASD: 
bilateral uncinate fasciculus; right arcuate 
fasciculus. 
Negative correlation: FA & reaction 
time in different brain regions in 
ASD vs TD, particularly superior 
temporal sulcus and superior 
longitudinal fasciculus. 
Jou et al. 
(2011) [235] 
10 ASD (M): 13 (3.9)  10 TD 
(M): 13.9 (4.2) 
Cross-section VBM & Tractography FA 
 FA in ASD: corpus callosum (anterior); left 
arcuate fasciculus; bilateral inferior fronto-
occipital fasciculus; bilateral inferior 
longitudinal fasciculus.  
n/a 
Sahyoun et 
al. (2010) 
[236] 
12 HFA (10M:2F): 13.3 (2.1)  
12 TD (9M:3F): 13.3 (2.5) 
Cross-section 
Probabilistic 
tractography: inferior 
parietal sulcus, inferior 
longitudinal fasciculus, 
medial temporal gyrus, 
superior temporal 
sulcus, frontal gyrus. 
FA 
 FA in ASD: inferior frontal sulcus to frontal 
gyrus and medial temporal gyrus to inferior 
frontal sulcus.
n/a 
Noriuchi et 
al. (2010) 
[237] 
7 HFA (6M:1F): 13.4 (2.7)   
7TD (6M:1F): 13.4 (2.7) 
Cross-section VBM FA λ1 λ2 λ3 
 FA in ASD: anterior cingulate cortex; left 
dorsolateral prefrontal cortex; right temporal 
sulcus; amygdala; arcuate fasciculus; inferior 
frontal occipital fasciculus; corpus callosum 
(mid and left).  λ1 in ASD: superior temporal 
sulcus and temporo-parietal junction.  λ1 
cerebellar vermis. 
Negative correlation: Dorsolateral 
prefrontal cortex FA & total SRS 
score. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Cheng et al. 
(2010) [238] 
25 ASD (M): 13.7 (2.5)   25 TD 
(M): 13.5 (2.2) 
Cross-section TBSS FA AD RD 
 FA and  RD in ASD: left insula; right 
arcuate fasciculus; corona radiata; anterior 
thalamic radiation; inferior fronto-occipital 
fasciculus; internal capsule; bilateral middle 
cerebellar peduncle.  FA and AD and  RD in 
ASD: right cerebellar peduncle; left internal 
capsule; arcuate fasciculus. 
Positive correlation: bilateral 
arcuate fasciculus FA & age in TD. 
Negative correlation: bilateral 
arcuate fasciculus FA & age in ASD. 
Verhoeven 
et al. (2012) 
[239] 
19 ASD+SLI (16M:3F): 13.8 
(1.6)   21 TD (16M:5F): 14.4 
(1.5)  
Cross-section 
Streamline 
tractography: arcuate 
fasciculus 
FA ADC No significant differences. n/a 
Verly et al. 
(2013) [240] 
17 ASD (14M:3F): 167.41mths 
(16.8mths)  25 TD (19M:6F): 
173.72mths (15.89mths) 
Cross-section 
Tractography: superior 
longitudinal fasciculus 
and arcuate fasciculus 
FA ADC Number 
of streamlines 
No significant differences. 
Presence of right hemisphere 
arcuate fasciculus interacted with 
group for verbal IQ, picture 
vocabulary test, and CELF-4 scores. 
Nair et al. 
(2013) [241] 
26 ASD (22M:4F): 14.1 (2.5)  
27 TD (23M:4F): 14.2 (2.2) 
Cross-section 
Probabilistic 
tractography: thalamo-
cortical tracts 
FA MD RD Tract 
volume 
 MD and RD in ASD for connections with 
motor and sensory cortices.  connection 
probability in ASD. 
Negative correlations: FA & ADOS 
total and ADOS social. MD & non-
verbal IQ. 
Fletcher et 
al. (2010) 
[242] 
10 HFA (M): 14.3 (1.9)  10 TD 
(M): 13.4 (1.3) 
Cross-section ROI: arcuate fasciculus FA MD AD RD  MD and RD in ASD: left arcuate fasciculus.
No effect of group on the 
relationship between DTI measures 
& CELF-3. 
Groen et al. 
(2011) [243] 
17 HFA (14M:3F):14.4 (1.6)  
25 TD (22M:3F): 15.5 (1.8) 
Cross-section VBM FA MD  MD in ASD: whole white matter. n/a 
Barnea-
Goraly et al. 
(2004) [244] 
7 HFA (M): 14.6 (3.4)  9 TD 
(M): (13.4 (2.8) 
Cross-section VBM FA 
 FA in ASD: anterior cingulate cortex; corpus 
callosum (genu); ventromedial prefrontal 
cortex; prefrontal cortex; temporo-parietal 
junction; superior temporal sulcus; right 
medial temporal gyrus. 
n/a 
C h a p t e r  3 :  M R I  S t u d i e s  o f  A u t i s m                      | 112 
 
 
 
Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Bode et al. 
(2011) [245] 
27 ASD (20M:7F): 14.7 (1.6)  
26 TD (17M:5F): 14.5 (1.5) 
Cross-section TBSS FA MD λ1 λ2 λ3  FA in ASD: right temporal lobe. n/a 
Lo et al. 
(2011) [246] 
15 HFA (M): 15.2 (1)  15 TD 
(M): 15 (0.8) 
Cross-section 
Streamline 
tractography: cingulum, 
arcuate fasciculus, 
uncinate fasciculus, 
corpus callosum 
GFA  GFA in ASD: corpus callosum. n/a 
Travers et 
al. (2015) 
[247] 
67 ASD (M): 15.1 (6.96) 42 TD 
(M): 15.99 (6.46) 
Cross-section ROI FA MD n/a 
Positive correlation: bilateral 
inferior corticospinal tract FA & 
grip strength and ASD symptom 
severity; whole brain mean FA and 
superior cerebellar peduncle FA & 
tapping. 
Bakhtiari et 
al. (2012) 
[248] 
16 ASD (15M:1F): 15.5 (2.8)  
18 TD(17M:1F): 15.5 (2)  14 
ASD (12M:2F): 28.1 (6.5)  
19TD (16M:3F): 28.6 (5.6) 
Cross-section TBSS   FA  FA in ASD adolescents: widespread.   
Negative correlations: FA in the 
inferior fronto-occipital fasciculus 
& ADOS and ADI-R communication 
scores; FA in the left superior 
longitudinal fasciculus & ADI-R 
communication; FA in the inferior 
longitudinal fasciculus & ADOS and 
ADI-R social scores in ASD 
adolescents. Inferior fronto-
occipital fasciculus FA & ADOS 
communication, ADOS social and 
ADI-R social; inferior longitudinal 
fasciculus FA & ADOS social; FA 
corpus callosum (splenium) & ADI-
R communication in ASD adults. 
Right superior longitudinal 
fasciculus, left cingulum and left 
corticospinal tract FA & AQ across 
all participants. Interaction: group 
by age. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Lange et al. 
(2010) [249] 
30 HFA (M): 15.8 (5.6)    30 
TD (M): 15.8 (5.6) 
Cross-section 
ROI: superior temporal 
gyrus & temporal sulcus 
FA MD AD RD 
 FA in ASD: left superior temporal gyrus  
MD, AD and RD in ASD: right temporal sulcus.  
Negative correlation: right 
temporal sulcus RD & performance 
IQ and language. Positive 
correlation: left superior temporal 
gyrus FA & Vineland 
Alexander 
et al. (2007) 
[250] 
43 ASD (M): 16.2 (6.7)    34 
TD (M): 16.4 (6) 
Cross-section ROI: corpus callosum FA MD AD RD 
 FA and  MD and RD in ASD: corpus 
callosum.
Positive correlation: FA and 
performance IQ. Negative 
correlation: RD and performance 
IQ. No significant correlation 
between FA and MD & ADOS-G and 
ADI. 
Lee et al. 
(2007) [251] 
43 ASD (M): 16.2 (6.7)  34 TD 
(M): 16.4 (6) 
Cross-section 
ROI: superior temporal 
gyrus & temporal sulcus 
FA MD AD RD 
 FA and  RD in ASD: bilateral superior 
temporal gyrus and superior temporal sulcus. 
 MD in ASD: right temporal sulcus and 
bilateral superior temporal sulcus;  MD and 
AD in ASD: right superior temporal gyrus. 
Group by age interaction: right 
superior temporal gyrus FA and AD. 
Lee et al. 
(2009) [252] 
43 ASD (M): 16.2(6.7)  34 TD 
(M): 16.4 (6) 
Cross-section VBM FA MD 
 FA and  MD in ASD: corpus callosum; 
bilateral superior temporal gyrus; anterior 
cingulate 
Negative correlation: corpus 
callosum FA and MD & processing 
speed. 
Knaus et al. 
(2010) [253] 
14 ASD (M): 16.8 (2.4)  20 TD 
(M): 14.4 (2.5) 
Cross-section 
Probabilistic 
tractography: arcuate 
fasciculus 
FA No significant differences. n/a 
McGrath et 
al. (2013) 
[254] 
25 ASD (M): 17.28 (2.87)  25 
TD (M): 17.37 (2.67) 
Cross-section Tractography FA 
 FA in ASD: right inferior fronto-occipital 
fasciculus 
Negative correlation: FA & mean 
response time in mental rotation 
task. 
McGrath et 
al. (2013) 
[255] 
22 ASD (M):17.56 (2.91)  22 
TD (M): 17.51 (2.76) 
Cross-section 
Tractography: left 
occipital lobe (BA19) to 
subcortical targets 
FA 
 FA in ASD: tracts connecting BA19 to left 
caudate head and left thalamus. 
Negative correlation: FA and mean 
response time during a mental 
rotation task. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Ikuta et al. 
(2014) [256] 
21 ASD (18M:3F): 18.1 (2.7) 
TD 18M:3F): 18.2 (2.9) 
Cross-section 
Probabilistic 
tractography: cingulum, 
anterior thalamic 
radiation 
FA MD AD RD  FA in ASD: cingulum. 
Negative correlation: cingulum FA 
& BRIEF score in FA. 
Travers et 
al. (2015) 
[257] 
100 ASD (M): 18.3 (8.5) 56 TD 
(M): 18.9 (7.8) 
Longitudinal ROI: corpus callosum FA MD AD RD 
 FA in ASD: corpus callosum (genu, splenium, 
body).  MD in corpus callosum (splenium). 
Interaction: age by group for FA in 
the corpus callosum (genu, 
splenium, body) and MD in the 
corpus callosum (splenium). 
Keller et al. 
(2007) [258] 
34 HFA (M): 18.9 (7.3)  31 TD 
(M): 18.9 (6.2) 
Cross-section VBM FA 
 FA in ASD: corpus callosum (posterior); 
bilateral corona radiata; right internal capsule. 
Age by group interaction: right 
internal capsule.  right internal 
capsule FA with age in ASD group 
compared to reduction in TD. 
Travers et 
al. (2014) 
[259] 
67 ASD (M): 20.4 (6.5)  54TD 
(M): 20.2 (7.1) 
Cross-section ROI FA MD AD RD  FA in ASD.  MD, AD and RD in ASD. 
Positive relationship: FA and 
processing speed index across all 
participants. 
Kana et al. 
(2014) [107] 
8 ASD: 21.1 (0.99)  13 TD: 
22.3 (1.1) 
Cross-section TBSS FA  FA in ASD: right temporal lobe. 
No association: DTI and fMRI 
theory of mind results. 
Kleinhans et 
al. (2012) 
[260] 
25 ASD (16M:9F): 21.29 
(5.66) 28TD (22M:6F): 21.31 
(7.27) 
Cross-section TBSS FA MD AD RD 
 FA in ASD: widespread.  MD and RD in 
ASD: widespread. 
Interaction: group by age. 
Pugliese et 
al. (2009) 
[261] 
24 Asperger's (M): 23 (12.4)  
42 TD (M): 25 (10.3) 
Cross-section 
Streamline 
tractography: Inferior 
fronto-occipital 
fasciculus, uncinate 
fasciculus, cingulum, 
inferior longitudinal 
fasciculus, fornix 
Number of 
streamlines FA 
MD 
 number of streamlines in ASD: right 
cingulum. 
No correlation: Number of 
streamlines & age. 
Peeva et al. 
(2013) [262] 
18 ASD (15M:3F): 25.6 (9.2)  
18 TD (12M:6F): 28.5 (8.7)  
Cross-section 
Probabilistic 
tractography: speech 
network 
FA Number of 
streamlines 
Tract volume 
 number of streamlines left supplementary 
motor area-ventral premotor cortex tracts. 
n/a 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Langen et 
al. (2012) 
[263] 
21 HFA (M): 26 (6)  22 TD (M): 
28 (6) 
Cross-section 
Streamline 
tractography: fronto-
striatal tracts 
FA MD AD RD 
 FA in ASD: bilateral fronto-striatal tracts 
from putamen.  MD in ASD: right fronto-
striatal tracts from nucleus accumbens. 
Positive correlation: putamen tract 
FA & No-go task performance 
across all participants. No 
significant relationship within 
separate groups, and no significant 
relationship between DTI measures 
& ADI-R or ADOS. 
Conturo et 
al. (2008) 
[264] 
17 HFA (14M:3F): 26.5 (2.7)  
17 TD: 26.1 (2.7) 
Cross-section 
Streamline 
tractography: 
Hippocampus and 
amygdala to frontal 
gyrus 
AD RD 
 RD in ASD: right hippocampus to frontal 
gyrus.  AD and RD in ASD: bilateral amygdala 
to frontal gyrus; left hippocampus to frontal 
gyrus. 
Positive correlation: right 
hippocampus to frontal gyrus RD & 
Benton face recognition and 
performance IQ. 
Thomas et 
al. (2011) 
[265]  
12 HFA (M): 28.5 (9.7)  18 TD 
(M): 22.4 (4.1) 
Cross-section 
Streamline 
tractography: corpus 
callosum, inferior 
longitudinal fasciculus, 
uncinate fasciculus, 
inferior fronto-occipital 
fasciculus 
Number of 
voxels and 
streamlines 
 number of voxels and streamlines in ASD: 
forceps minor; corpus callosum (body).  
number of voxels and streamlines in ASD: 
inferior longitudinal fasciculus; uncinate 
fasciculus; inferior fronto-occipital fasciculus. 
Negative correlation: corpus 
callosum number of streamlines & 
ADI-R restricted and repetitive 
behaviours. 
Roine et al. 
(2013) [266] 
14 ASD (M): 28.6 (5.7)  19 TD 
(M):26.4 (4.7) 
Cross-section TBSS & tractography FA MD  mean FA in ASD. 
Positive correlation: mean FA & AQ 
attention switching. 
Roine et al. 
(2015) [267] 
14 Asperger's (M): 28.6 (5.7) 
19 TD (M): 26.4 (4.7) 
Cross-section 
TBSS & Probabilistic 
tractography 
FA MD RD 
TBSS:  FA in ASD. Tractography:  FA in ASD: 
left inferior longitudinal fasciculus. 
TBSS: no significant correlations. 
Tractography: negative correlation 
left anterior thalamic radiation FA 
& empathising quotient. 
Thakkar et 
al. (2008) 
[268] 
12 ASD (10M:2F): 30 (11)  14 
TD (8M:6F): 27 (8) 
Cross-section 
ROI: anterior cingulate 
cortex 
FA  FA in ASD: rostral anterior cingulate cortex. 
Negative correlation: Anterior 
cingulate cortex FA & ADI-R 
restricted repetitive behaviours. 
Catani et al. 
(2008) [269] 
15 Asperger's (M): 31 (9)  15 
TD (M): 35 (11) 
Cross-section 
Tractography: 
cerebellum 
FA MD 
 FA in ASD: right superior cerebellar 
peduncle; right short intra-cerebellar tracts. 
Negative correlation: FA left 
superior cerebellar peduncle & 
ADI-social. 
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Study 
Participants: mean age years 
(SD); sex 
Study Design Method 
Diffusion 
Indices 
Main Findings Correlation Findings 
Lewis et al. 
(2012) [270] 
20 ASD (M): 31.7 (9.5) 20 TD 
(M): 32.3 (10) 
Cross-section 
Probabilistic 
tractography: corpus 
callosum 
RD Fibre length No significant differences. n/a 
Mueller et 
al. (2013) 
[271] 
12 HFA (9M:3F): 35.5 (11.4)  
12TD (8M:4F): 33.3 (9) 
Cross-section TBSS FA  FA in ASD. 
Positive correlation: right temporo-
parietal junction FA & Freiburger 
personality inventory emotionality 
score. 
Pardini et al. 
(2009) [272] 
10 LFA (M): 35.9 (3.9)  10 TD 
(M): 19.9 (2.6) 
Cross-section 
Probabilistic 
tractography: 
orbitofrontal cortex 
FA Tract volume 
 FA and tract volume in ASD: left 
orbitofrontal white matter. 
Positive correlation: orbitofrontal 
cortex FA & performance IQ. 
Bloemen et 
al. (2010) 
[273] 
13 Asperger's (M): 39 (9.8)   
13 TD(M): 37 (9.6) 
Cross-section VBM FA MD RD 
RD and FA in ASD: corpus callosum; 
bilateral inferior fronto-occipital fasciculus; 
anterior thalamic radiation; inferior 
longitudinal fasciculus; arcuate fasciculus; 
corticospinal tract; cingulum.
n/a 
 Research papers investigating white matter microstructure in ASD using diffusion tensor imaging (DTI) that have been Table 1
published to date. 
Papers are ordered by the average age of the ASD study participants, which are in years unless otherwise stated. Prior studies on 
unaffected siblings, hemispheric asymmetry, sex-based differences, classification of ASD, and network-based analysis are not included on 
this table. Abbreviations: axial diffusivity (AD); apparent diffusion coefficient (ADC); autism diagnostic inventory-revised (ADI-R); autism 
diagnostic observation schedule (ADOS); autism spectrum disorder (ASD); autism quotient (AQ); Brodmann area (BA); behaviour rating 
inventory of executive function (BRIEF); childhood autism rating scale (CARS); clinical evaluation of language fundamentals (CELF); 
developmentally delayed (DD); developmentally impaired (DI); fractional anisotropy (FA); functional magnetic resonance imaging (fMRI); 
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Gilliam autism rating scale (GARS); generalised fractional anisotropy (GFA); high functioning autism (HFA); high risk (HR); intelligence 
quotient (IQ); low functioning autism (LFA), low risk (LR); mean diffusivity (MD); radial diffusivity (RD); region of interest (ROI); specific 
language impairment (SLI); social responsiveness scale (SRS); tract-based spatial statistics (TBSS); typically developing (TD); Vineland 
adaptive behaviour scale (VABS); voxel-based morphometry (VBM); diffusion tensor eigenvalues (λ1) (λ2) (λ3). 
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3.2.1 Cross-sectional approaches 
3.2.1.1 Voxel-based methods 
Voxel-based morphometry (VBM) is a voxel-based technique [274] that has been 
used to investigate white matter microstructure in ASD. VBM studies have been 
carried out in children [175][217][215][213], adolescents [244][251][237][243][235], 
and adults [258][273] with ASD. Findings of these VBM studies indicate that white 
matter microstructure is altered in ASD compared to controls. However, the 
direction of this is not certain, with studies reporting increased FA and reduced MD 
[175] and reduced ADC [213], but also reduced FA and increased diffusivity 
[273][252], reduced FA [244][258][237][235] and increased MD [243] in ASD. Both 
increased and decreased FA have been reported in different regions of the brain in 
the same study [217][215]. The direction of the group differences in these VBM 
findings appears to depend upon the age of the participants, with those studies 
investigating similar age groups reporting similar results. 
 
Tract-based spatial statistics (TBSS) [157] is an automated method that enables 
voxel-wise comparison of DTI parameters. TBSS has been applied to DTI scans of 
ASD children [223][208][226][225][204][212][206], adolescents 
[245][238][234][229][233], combined adolescent and adult groups [248][260], and 
adults [271][266][107][267]. These studies have shown increased FA 
[245][212][266][267], increased FA and reduced RD [204], but also reduced FA 
[225][208][248][271][107], increased diffusivity [229], and reduced FA and increased 
diffusivity [223][226][233][260][206] in ASD. Both increased and decreased FA have 
been reported in different regions of the brain [238][234]. The majority of studies 
reflect a pattern of increased FA and decreased MD in ASD. There is a less clear-cut 
explanation for the disparity in TBSS results than for the VBM studies, which 
suggests that more factors than age influence white matter microstructure in ASD. 
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3.2.1.2 ROI and tractography methods 
ROI methods typically involve overlaying a mask or segmentation of the ROI 
directly on each scan, either by hand or using an automated method. ROI-based 
studies have been carried out in children [200][218][209][226][213][224], adolescents 
[250][251][242][249][231][229][232] and adults [268][259] with ASD. Findings show 
increased FA [200], and reduced diffusivity [213], but also reduced FA [268][218], 
increased diffusivity [242][209][229][224], and reduced FA and increased diffusivity 
[250][251][249][231][226][232][259]. 
 
As outlined in Section 2.12.5.2, tractography is used to reconstruct the white matter 
tracts of the brain. Tractography has been applied to studies of children 
[207][208][214][220][204][212] [227][228][222][221][219][216], adolescents 
[253][236][235][246][239][230][256][240][241][254][255], and adults 
[269][264][272][261][265][263][270][262][266][267] with ASD. Results show reduced 
FA [269][272][236][235][246][220][227][222][256][254][255], increased diffusivity 
[228][241], and reduced FA and increased diffusivity [207][208][263][230], but also 
increased FA [204][266][267], increased FA and increased diffusivity [212][221], 
reduced diffusivity [214][219]. Both reduced and increased diffusivity have been 
reported in different white matter tracts in the same study [264]. Increased number 
of streamlines [261], reduced number of streamlines [262], and both increased and 
reduced numbers of streamlines [265] have also been reported in ASD compared to 
controls. No significant group differences were found in some studies 
[253][270][239][240]. 
 
It is evident that the results of tractography and ROI studies in ASD are highly 
variable. Overall, the majority of the results show significantly altered white matter 
microstructure in ASD compared to neurotypical controls. The nature of these 
changes is more commonly that FA is reduced and diffusivity is increased in ASD. 
However, variability is present, which is likely to be due to the white matter tract 
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being studied, experimental design (for example, scanner type), and participant 
demographics, such as age and race. A comparison of like-by-like protocols is 
therefore important when considering the implications of each study. One point to 
note is that the correlations with behavioural measures (discussed in Section 3.2.9) 
indicate that reductions in FA are typically associated with increased severity of 
ASD traits. This gives greater weight to the FA decreases observed in the majority of 
these group difference analyses. 
 
3.2.2 Longitudinal approaches and investigations of age 
Evidence suggests that white matter tract formation and maturation are complete by 
early adulthood [275], though the typical white matter developmental process is 
non-linear [276]. Age-related changes in DTI parameters are widely reported in 
neurotypical development, with FA increasing and MD falling from early childhood 
through to early adulthood at different trajectories within each white matter tract 
(see review by Yap et al. [276]). It is therefore likely that age and developmental 
stage contribute to DTI findings, as individuals’ progress through white matter 
maturation. 
 
There are very few published longitudinal DTI studies in ASD – the reason for this 
is that they are expensive and, by virtue of their design, take many years to 
complete and are technically demanding, requiring careful registration of MR 
images from different time points, depending on the approach taken. In 2012, Wolff 
et al. [203] published findings from a longitudinal study of very early development, 
finding abnormal developmental trajectories for many white matter tracts, including 
the corpus callosum, inferior longitudinal fasciculus, and uncinate fasciculus, in 
ASD between the ages of 6, 12, and 24 months. This was characterised by initially 
elevated FA in the ASD group, which plateaued and then fell, relative to the typical 
values at 24 months. Travers et al. [259] recently published findings of a 
longitudinal analysis of the corpus callosum in male children and adolescents, with 
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an average scan interval of 2.6 years. Findings also indicate that early corpus 
callosum maturation, as measured by FA and MD changes, follows an aberrant 
trajectory in ASD. 
 
Some cross-sectional DTI studies in ASD have included a wide age range [200][248]. 
Age has been shown to influence group differences in white matter microstructure 
in many studies [200][258][251][229][248][260][206][216][224], and to correlate 
differently with DTI metrics in ASD and control groups [238][213][233][232]. These 
results provide support for the hypothesis that white matter development is 
aberrant in ASD, and that participant age must be taken into account when 
comparing studies. 
 
3.2.3 IQ 
The majority of DTI studies in ASD have focussed on high-functioning subjects. This 
is mainly due to ethical concerns with obtaining informed consent and scanning 
low-functioning individuals, increased difficulty obtaining high-quality scans free 
of motion, and the importance of having directly comparable ASD and control 
groups. However, as outlined in Section 1.1, ASD often presents in combination 
with learning difficulties and/or developmental delay. To date, only four DTI 
studies have investigated white matter microstructure in low-functioning 
individuals with ASD, with microstructural deficits reported in ASD compared to 
developmentally impaired [208], developmental delay [175] and typically-
developing control [227] groups. Jeong et al. [211] investigated both high-
functioning and low-functioning ASD groups, and identified some regions of 
shared microstructural dysfunction, as measured by reduced FA, in both groups, in 
addition to more widespread regions of white matter disruption in the low-
functioning ASD group. This highlights the greater extent of structural deficits that 
affect a low-functioning individual above and beyond their ASD diagnosis. 
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However, Kumar et al. [208] did not identify any significant differences in FA or 
ADC between ASD and developmentally-impaired ASD groups. 
 
Correlation analyses in high-functioning groups have identified associations 
between reduced performance IQ and reduced FA in the orbitofrontal cortex [272], 
reduced FA and elevated RD of the corpus callosum [250], elevated RD of the right 
temporal sulcus [249], and elevated MD of thalamo-cortical tracts [241]. However, 
reduced performance IQ also correlated with reduced RD of right hippocampo–
frontal white matter tracts [264] and reduced AD in the left cingulum [212]. This 
suggests that the nature of any association between IQ and microstructure is 
dependent upon the white matter tract of interest. Widespread differences in the 
localisation of FA–performance IQ correlations have been observed between ASD 
and neurotypical control groups [277], suggesting that ASD affects the typical 
pattern of association between brain structure and intellectual function. 
 
3.2.4 Hemispheric asymmetry 
As can be seen from many of the studies featured in Table 1, there is evidence that 
white matter tracts in each hemisphere of the brain are differently affected in ASD – 
for example, Sivaswamy et al. [209] reported bilateral superior cerebellar peduncle 
DTI alterations in children with ASD, while the results in Catani et al. [85] were 
restricted to the right cerebellar peduncle in adults with ASD. However there does 
not appear to be a consistent and confirmed directionality to hemispheric 
asymmetry in ASD. Lange et al. [249] and Lo et al. [246] investigated hemispheric 
asymmetry in more detail, and identified that ASD was not characterised by 
hemispheric asymmetry per se, rather a reversal or loss of the typical pattern of 
hemispheric asymmetry observed in the white matter microstructure of healthy 
controls. This seems particularly apparent for the arcuate fasciculus 
[242][253][278][279], a tract involved in language that is typically lateralised. 
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3.2.5 White matter microstructure as a biomarker of autism 
Several studies have been published in recent years investigating whether an 
individual can be classified as ‘ASD’ or ‘non-ASD’ based on their white matter 
microstructure, as measured using DTI. Classification needs to be both sensitive to 
ASD and specific – i.e. the classifier must be able to distinguish someone with ASD 
from an individual with a similar neurodevelopmental disorder, such as ADHD. 
Uddin et al. [280] and Ingalhalikar et al. [281] achieved diagnostic accuracies of 
~85% when classifying children, whilst Lange et al. [249] reported 94% sensitivity 
and 90% specificity in a sample of children and adults. A recent study identified DTI 
metrics as key classifiers in a multi-modal classification system that achieved 92% 
classification accuracy in adults [282]. These studies indicate that white matter 
microstructure is a useful tool in the identification of ASD-related brain anomalies, 
and that it may have potential as a biomarker. However, each of these studies 
included healthy control and ASD participants, and did not attempt to classify ASD 
in comparison to other neurodevelopmental disorders. Further work is therefore 
needed to estimate the utility of DTI as a biomarker of ASD for mixed participant 
samples. 
 
3.2.6 White matter microstructure as an endophenotype of autism 
DTI studies investigating brain structure in the unaffected siblings of autistic 
probands have been published in recent years, with the aim of examining whether 
connectivity is an endophenotype of ASD [223][203][283][284]. White matter 
microstructure in siblings of probands and the results of these studies are discussed 
in Chapter 8, which includes a TBSS study of white matter microstructure in 
unaffected siblings. 
 
3.2.7 Studies of sex-based differences 
As discussed in Section 1.1, ASD is far more likely to affect males compared to 
females. Chapter 8 describes an investigation of sex-based differences in white 
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matter microstructure in ASD, therefore prior studies of the effects of biological sex 
on brain structure in ASD [285][286][287][288] are discussed in that chapter of this 
thesis. 
 
3.2.8 Studies of brain networks in ASD 
Very recently several studies have taken a holistic approach to exploration of the 
network of structural connections in ASD [289][283][290][291][292][293]. This has 
been made possible with the advent of graph theoretical analysis techniques. The 
network approach and the results of published studies in ASD are discussed in 
Chapter 7 of the thesis, in which graph theory is applied to the investigation of 
whole brain and limbic structural networks in young adults with ASD. 
 
3.2.9 Associations between structural and diffusion-weighted MRI measures 
and ASD traits 
As shown in Table 1, there is evidence to suggest that the severity of ASD traits is 
associated with white matter microstructure in clinically-diagnosed populations. 
Greater ASD severity, as measured by the ADI-R, has been shown to correlate with 
reduced white matter coherence, as measured by FA, in white matter tracts of adults 
and children with ASD [238][265][220]. Bakhtiari et al. [248] found several more 
specific associations between reduced FA of several white matter tracts and ADOS 
social, ADI-R social and ADI-R communication scores, a finding that was similarly 
observed by Catani et al. [85] for left superior cerebellar peduncle FA and ADI social 
score. Likewise, increased severity of ADI-R restricted and repetitive behaviours 
have been shown to correlate with reduced anterior cingulate cortex FA [268]. 
Poustka et al. [220], Hanaie et al. [219], and Nair et al. [241] provided evidence for 
similarly negative correlations between white matter tract FA and ADOS scores. 
Correspondingly, Abdel Razek et al. [205] recently reported a correlation between 
increased diffusion in temporal lobe white matter and elevated score on the 
childhood autism rating scale (CARS). Worse outcomes on the social responsiveness 
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scale (SRS) were associated with reduced coherence of dorsolateral prefrontal cortex 
tracts [237], and the anterior thalamic radiation and uncinate fasciculus (as 
measured by FA) [226]. All these studies indicate that reductions in the 
microstructural coherence of the white matter, as measured by DTI metrics, are 
associated with greater ASD severity. 
 
Associations between reduced coherence of white matter microstructure and ASD 
traits have also been reported in less frequently-used metrics of autistic behaviours, 
including joint attention [202], executive function deficits, as measured by the BRIEF 
[256], adaptive functioning deficits, as measured by the Vineland, [249], emotion 
regulation, as assessed by the Freiburger personality inventory emotionality score 
[271], daily living skills [211], motor score [222], more specific motor functions – 
grip strength and tapping performance [247], functional processing anomalies [294], 
processing speed [252], longer reaction time [234][254][255], and language function 
[212][221]. These findings indicate that correlations exist between brain structure 
and a greater array of traits associated with ASD than merely social communication 
ability, and that the microstructure of many specific certain WM tracts are 
implicated in these functions. This indicates that there is specificity and selectivity to 
associations between ASD traits and white matter microstructure. 
 
Significant correlations between DTI measures of white matter microstructure and 
ASD severity have not been detected by all studies [207][223][231][214][225] 
[260][227][263][107]. There is evidence that the outcome of a correlation analysis 
depends upon the behavioural/psychological metric employed. For example, 
Alexander et al. [250] found correlations between DTI metrics and performance IQ, 
but not with ADI and ADOS-G. This may reflect subtleties in the association 
between the microstructure of a white matter tract and specific ASD traits, or it may 
be indicative of statistical inadequacies in certain metrics that make them less 
suitable for correlation analyses (e.g. the ADOS is a categorical variable with a small 
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range of scores, and is therefore less appropriate for a correlation study than 
measures such as the IQ which are semi-continuous and have a greater range). 
Sample size, and the method used to identify and assess white matter 
microstructural deficits may also influence the outcome of association studies. For 
example, Roine et al. [267] identified significant DTI–symptom associations using 
tractography but not TBSS. This indicates that methodology influences findings, and 
that association results may be affected by the use of tract of interest vs voxel-based 
or whole white matter averaged measures of white matter microstructure. 
 
Additionally, some studies have found that the association between white matter 
microstructure and ASD traits is opposite to the direction typically reported: For 
example, Cheung et al. [217], identified several associations between worse ADI-R 
scores and reduced white matter coherence (as measured by reduced FA) in 
children with ASD, but conversely the study also identified an association between 
increased FA and worse ADI-R communication scores. Ke et al. [215] reported that 
increased right frontal FA was correlated with worse ASD symptoms, as measured 
by the CARS. Additionally, Roine et al. [267] showed that reduced left anterior 
thalamic radiation FA was associated with greater empathy, as measured by the 
empathising quotient. A further study demonstrated that diffusivity of right 
hippocampo-frontal tracts (as measured by RD) was correlated with Benton face 
recognition score, such that greater diffusivity associated with better performance 
[264]. These studies are suggestive of a greater complexity to the relationship 
between white matter microstructure and ASD behaviours. There does not appear 
to be a common thread between each of these studies – two are VBM methods in 
children [217][215] and the other two are tractography-based studies in adults 
[264][267]. Therefore, the specifics of white matter–ASD associations require further 
investigation. 
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3.2.10 Studies in neurotypical populations 
Autism is known to comprise a spectrum of symptoms and severities [26][295][296]. 
This spectrum exists both within the realm of clinically-diagnosed cases and, to a 
less debilitating extent, within the population at large. It is therefore of interest to 
examine the incidence of ASD-like traits within the general population, and whether 
these traits are correlated with features of the brain. Two DTI studies specifically 
investigating structural correlates of ASD traits in healthy individuals have been 
published to date. Iidaka et al. [297] identified a positive correlation between 
imagination, as measured by the AQ, and the volume of white matter tracts 
connecting the superior temporal sulcus and the amygdala in healthy individuals. 
This means that reduced volume of these white matter tracts was associated with 
weaker imagination, which is characteristic of ASD. Hirose et al. [298] used TBSS to 
demonstrate that reduced FA was correlated with higher AQ scores, and thus 
greater incidence of ASD traits in widespread regions of the white matter. 
Tractography of the superior temporal sulcus localised the correlation between FA 
and AQ to the inferior fronto-occipital fasciculus in this region. This study is 
suggestive of more widespread associations between white matter microstructure 
and ASD traits in healthy individuals than would have otherwise been anticipated. 
 
Some studies have investigated correlations in typical subjects as an adjunct to their 
investigation of such a relationship in subjects with ASD. Alexander et al. [250] 
report a negative correlation between corpus callosum FA and SRS scores in a 
heterogeneous sample of neurotypical and ASD children and adults. Bakhtiari et al. 
[248] identified a negative correlation between AQ score and FA of the right 
superior longitudinal fasciculus, left cingulum, and left corticospinal tract across all 
study participants (both ASD and neurotypical). Similarly, Nagae et al. [228] 
reported an association between increased bilateral superior longitudinal fasciculus 
MD and worse CELF-4 scores (a measure of language function) across all study 
participants; a finding that was not altered by inclusion of a group by CELF-4 
interaction term, thus indicating that group did not alter the association. Both of 
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these studies indicate that deficits in white matter microstructure, as measured by 
FA and MD, particularly those affecting the superior longitudinal fasciculus, are 
associated with ASD traits. Travers et al. [259] reported a positive correlation 
between average whole white matter FA and processing speed across all 
participants in their study, again with no FA by group interaction, which suggests 
that a lower processing speed, which is associated with ASD, is related to reduced 
FA of the white matter, on average. Langen et al. [263] showed a positive correlation 
between putamen tract FA and performance in a No-Go task across all participants, 
meaning that reduced FA was associated with poorer task performance, and thus 
relatively impaired ability for cognitive inhibition. Each of these studies provides 
evidence that ASD traits are present in the neurotypical population, and that these 
are related to white matter microstructure. This is supportive of the concept of a 
spectrum of ASD. 
 
3.3 Summary 
In summary, MRI techniques can be used to investigate brain structure in ASD, both 
in terms of brain volume and the microstructural integrity of the white matter. The 
number of MRI studies in ASD has increased in recent years. Results indicate that 
overall and regional brain volumes differ in ASD, and that the microstructural 
features of structural connections within the brain are significantly different in ASD 
compared to the neurotypical profile. The most consistent findings are of elevated 
brain volume in ASD, and reduced white matter coherence – as evidenced by 
reduced FA and elevated MD – in ASD. However, there is a great deal of variability 
in findings. This is likely to depend on research methodology, participant 
demographics, and the brain region under investigation. Correlational analyses 
indicate that features of structural connectivity are related to symptom severity. 
Further work is needed to fully elucidate the picture of brain structure in ASD. 
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3.4 The aims of this thesis 
The principal aim of this thesis is to assess the microstructure of the white matter in 
ASD, and to investigate possible associations between white matter microstructure 
and ASD traits. High-functioning individuals have been selected for this analysis. 
This does prevent investigation of the whole clinical population of ASD sufferers, 
but it enables mitigation of the effect of IQ on brain structure, and ensures a 
homogenous research cohort. Ancillary to this overarching aim are several 
questions that this thesis aims to explore: what are the nature of any microstructural 
differences in ASD? Are connections within the social brain disproportionately 
affected? Do these microstructural alterations occur in all cases of ASD, or are they 
more common or severe in males vs females or children vs adults? Does white 
matter microstructure act as a biomarker of ASD? Do white matter measures reflect 
an endophenotype of ASD or enhanced vulnerability in families of ASD sufferers? Is 
there evidence in support of the various neural theories of ASD outlined in Section 
1.3? Do one or more of these theories appear to best fit the evidence? 
 
Several approaches have been employed in order to resolve these aims in this thesis: 
In Chapter 5, TBSS is used to study white matter microstructure in young adults 
with ASD. The white matter tracts that are most different in the ASD group are 
identified, and associations with ASD traits investigated with reference to the 
spectrum of presentations. This study is supplemented by the work outlined in 
Chapter 8, in which TBSS is applied to the investigation of sex-based differences in 
white matter microstructure in children with ASD, and a study of white matter 
microstructure in the unaffected siblings of probands. This work enables 
investigation of the ‘extreme male brain’ theory of ASD and whether an 
endophenotype or familial vulnerability to ASD or ASD-related structural brain 
alterations exists (see Section 1.1 for more detail on these concepts). In Chapter 6, a 
more particular focus is placed on the microstructure of connections within the 
social brain in ASD, and whether the connectivity of amygdala sub-regions relate 
differently to particular ASD traits, including an investigation of putative links with 
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the theory of mind and emotion recognition theories of ASD. Chapter 7 reflects a 
more universal view, and reports on an investigation of the network of structural 
connections in ASD, thus facilitating an examination of the disconnection and weak 
central coherence theories of ASD (see Section 1.3 for an outline of these theories). 
The chapters of work that comprise this thesis combine to form an investigation of 
white matter microstructure in ASD, and the association between brain structure 
and behaviour. 
 
3.5 Hypotheses 
In light of the previous studies highlighted within this chapter, my hypotheses are: 
a) That white matter microstructure will be adversely affected in ASD, and that 
this will differ between children and adults due to neurodevelopmental 
processes, and between the sexes due to disparity in the susceptibility to 
ASD between males and females.  
b) That these microstructural deficits will be more pronounced in those 
connections that join social regions of the brain.  
c) That white matter microstructure will be associated with ASD behaviours 
and that more severe symptoms will be associated with greater changes to 
the brain structure, but that the nature of the relationship will depend upon 
the functions of each given white matter tract.  
d) That siblings will show increased vulnerability to ASD traits and increased 
white matter microstructural deficits compared to controls without a family 
history of ASD. 
e) That the work described in this thesis will corroborate the concepts 
described in several of the neural theories of ASD, but that the complex 
nature of ASD and its causes will preclude any one theory from dominating. 
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Chapter 4 Methods 
 
This chapter outlines the methods involved in data collection, cognitive testing, and 
MRI scan processing at the UCL Institute of Child Health for the experimental work 
described in Chapter 5, Chapter 6, and Chapter 7 of this thesis. Additional 
information regarding specific analysis techniques are provided in the respective 
chapters. 
 
The experimental work outlined in Chapter 8 of this thesis was carried out during a 
3-month exchange visit to Yale University during the PhD. Specific methods related 
to that analysis, including participant recruitment and MRI scan sequences, are 
outlined within Chapter 8. 
 
4.1 Study approval 
The study was approved by the local Ethics committee (REC reference 11/LO/0044) 
and accepted by UCL/GOSH R&D. All participants gave written informed consent, 
and were told of their right to withdraw from the study at any time. Participant 
confidentiality was maintained at all times, and identifiable participant data stored 
in locked cupboards and encrypted hard drives. 
 
4.2 Participants 
Participant recruitment was carried out in 2011-2012, led by Juejing Ren, a PhD 
student in the Behavioural and Brain Sciences Unit (BBSU) at the UCL Institute of 
Child Health, with assistance from myself. Twenty-six young adults previously 
diagnosed with an autism spectrum disorder (ASD) were recruited to the study, in 
addition to 25 neurotypical control participants. Recruitment was carried out via 
advertisements in local autism support groups and local Universities. None of the 
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participants had a history of neuropsychiatric disorders, including anxiety, attention 
deficit hyperactivity disorder, depression, or epilepsy. Age and handedness were 
obtained upon recruitment via a questionnaire, and are shown with other 
participant demographics in Table 2. 
 
 
 Participant demographics and cognitive test scores. Table 2
1 Data are expressed as mean (standard deviation) [range]. 2 Combined social 
and communication sub-scores. 
 
4.3 Cognitive testing 
 
4.3.1 IQ 
Full-scale, performance, and verbal intelligence quotient (IQ) scores were obtained 
for all participants using the Wechsler abbreviated scale of intelligence (WASI) 
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[299], which consists of four sections: vocabulary, block design, similarities, and 
matrix reasoning. IQ scores for participants are summarised in Table 2. All 
participants had an IQ >80. 
 
4.3.2 AQ 
All participants completed the autism quotient (AQ) [26], a self-reported 
questionnaire with 50 questions probing social skills, communication ability, and 
capacity for attention switching, attention to detail, and imagination. The AQ is a 
semi-continuous measure, covering the dimensionality of autistic traits across the 
entire population from healthy through to severely autistic. Higher scores are 
associated with greater autistic traits; typically, scores greater than 32/50 are 
associated with clinical diagnosis of ASD, however there is no fixed cut-off value. 
Scores for each of the five domains of the AQ can also be investigated separately in 
order to assess the pattern of autistic traits in an individual. The overall AQ scores 
for participants are outlined in Table 2. The relationship between scores in the AQ 
and specific measures of brain structure were investigated in Chapter 5, Chapter 6, 
and Chapter 7 of this thesis. 
 
A limitation of the AQ is its self-report nature, which is reliant on candid answers 
from participants who may lack insight, want to minimise symptoms or feel 
compelled to respond in a way that they believe is expected from them. The chances 
of this were reduced by giving the participants time and privacy to complete the 
form, and assuring them that their answers would remain confidential. 
 
4.3.3 ADOS 
Charlotte Sanderson, a PhD student in the BBSU at the UCL Institute of Child 
Health conducted the autism diagnostic observation schedule (ADOS) [11] module 
4 with all of the participants recruited to the ASD group in order to confirm 
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eligibility for participation in the study. The ADOS module 4 is a semi-structured 
interview designed to test for the presence of deficits in communication, reciprocal 
social interaction, and imagination/creativity, in addition to the presence of 
stereotyped behaviours and restricted interests. Scores are given for a variety of 
behaviours and abilities, typically ranging from 0 – no clinical concerns – through to 
2 – severe impairments. These scores are entered into an algorithm in order to 
provide a total score in each category. As discussed in Section 1.1.3, a score 
indicative of autism or an autism spectrum disorder on the ADOS is informative, 
and facilitated confirmation of eligibility to this study, but does not form the sole 
basis for a clinical diagnosis, which is the outcome of interviews and assessments 
with a variety of specialists. 
 
Following administration of the ADOS, one participant recruited to the ASD group 
was excluded from all analyses because their diagnosis could not be ratified. This 
left a total of 25 participants in the ASD group. The sum of scores in the social and 
communication sections of the ADOS give an overall indication of the outcome of 
the ADOS, and are summarised in Table 2. 
 
4.4 MRI scanning 
MRI scanning was performed by research radiographer Tina Banks at Great 
Ormond Street hospital (GOSH). An MRI safety questionnaire was completed by all 
participants prior to scanning in order to screen for MRI-incompatible conditions, 
such as pregnancy or the presence of non-MR-safe medical implants, and to ensure 
the removal of any loose metallic objects. All participants received whole-brain MRI 
on a 1.5T Siemens Magnetom Avanto Scanner (Siemens, Erlangen, Germany) with 
40mT/m gradients. A 12-channel receive head coil was used. The scanning protocol 
lasted a total of 30-40 minutes, consisting of a localiser (~30 seconds), T1-weighted 
scan (5 minutes), resting-state fMRI (8 minutes), task-based fMRI (12 minutes), and 
a diffusion-weighted scan (8 minutes).  
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Analysis of the T1-weighted and diffusion-weighted data is the foundation of this 
thesis. All T1-weighted and diffusion-weighted data were visually inspected for 
abnormalities, motion and other artefacts. No anomalies were discovered. All scans 
were converted from DICOM to NIfTI format using TractoR version 2.1 [300]. 
 
The fMRI data were analysed by PhD student Juejing Ren and will not be discussed 
in this thesis. A description of the fMRI task is included here because the 
quantitative outcome of the task was investigated in relation to structural measures 
of the brain, as outlined in Chapter 6. 
 
4.4.1 T1-weighted scans 
The T1-weighted scan was acquired using a three-dimensional FLASH sequence (see 
Section 2.6.2 for more sequence information) using the following parameters: flip 
angle=15°; TR=11 ms; TE=4.94 ms; voxel size=1mm isotropic; slices=176. The T1-
weighted scans were processed using the following techniques: 
 
4.4.1.1 SIENAX 
Whole brain, total grey matter and total white matter were segmented on the T1-
weighted scans using the FMRIB software library (FSL) tool SIENAX [301] [302] (see 
Figure 34). SIENAX begins by extracting the brain from the skull and neck image. 
The brain-extracted image is then affine-registered to Montreal Neurological 
Institute and Hospital (MNI)152 space. Affine registration is a linear registration 
step that aligns two images via rotation, scaling, and transformation of the voxels 
from the input scan to those of the reference scan. The skull image is used to 
determine the scaling of the registration step, thus calculating the scaling factor 
required for normalisation of brain volume with respect to head size. A person with 
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a larger head typically has a concomitantly large brain, and vice versa, which can 
mask any differences in relative brain volume; normalisation of brain volumes with 
respect to head size ensures that regional volumes can be accurately compared 
between individuals. SIENAX then uses partial volume estimation to segment tissue 
types. Raw whole brain, grey matter, and white matter volumes, and those 
normalised for head size, are generated. Group comparisons of whole brain volume, 
calculated using linear regression with age, gender and full-scale IQ as covariates 
due to their relationship with brain size, are described in Chapter 5 and Chapter 7. 
Whole brain volumes are used as a covariate in analyses described within Chapter 
5-Chapter 8. 
 
Figure 34 An example SIENAX rendering of the brain overlaid on a T1-
weighted scan. 
Coronal (left), sagittal (middle), and axial (right) views are shown. The 
SIENAX rendering is displayed in red, with darker red for grey matter and 
lighter red showing white matter. 
 
4.4.1.2 FIRST 
Subcortical grey matter structures, including the amygdala, caudate, globus 
pallidus, hippocampus, nucleus accumbens, putamen, and thalamus, were 
segmented on the T1-weighted scans using the FSL tool FIRST [303] (see Figure 35). 
FIRST begins by affine-registering all scans to the MNI152 standard-space template 
in two steps: initially, registration to the entire template, and then registration to a 
subcortical mask of the template in order to optimally align the subcortical 
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structures. FIRST then uses shape and appearance models that have been generated 
from manually-traced masks in combination with signal intensity information in 
order to guide segmentation of each subcortical grey matter structure. The intensity 
of the voxels is used in this process because the subcortical grey matter structures 
have a much lower intensity compared to surrounding white matter (see Section 
2.7.1 for more information), and are thus partly distinguishable using the contrast in 
T1-weighted scans. Boundary correction is the final stage in the FIRST process, and 
operates to correct any overlapping voxels. Volumes for each ROI were obtained 
using FSL utilities [304]. 
 
 
Figure 35 An example FIRST output overlaid on a T1-weighted scan. 
Coronal (left), sagittal (middle), and axial (right) views are shown. Subcortical 
structures in both brain hemispheres are segmented as follows: caudate (mid 
blue), nucleus accumbens (orange), putamen (magenta), globus pallidus (dark 
blue), thalamus (green), amygdala (bright light blue), hippocampus (yellow). 
 
All registrations and segmentations were visually inspected for accuracy. In the 
study participants, several registration failures occurred using the standard 
procedure. This was most likely due to the presence of large neck regions in some 
scans confounding the FIRST algorithm. In order to prevent these registration 
failures, the FIRST process was modified (cf. [305]), such that the T1-weighted scans 
were firstly brain-extracted in order to isolate the brain image from the neck and 
skull. The transformation required to align the T1-weighted scan with the MNI152 
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template was estimated using the brain image. FIRST was then carried out on the 
original whole-head scan using the transformation calculated with the brain image 
in place of the original transformation matrix. This modification successfully 
prevented any registration errors, so was applied to the entire cohort in order to 
maintain a standardised protocol across participants. After testing the various 
options, a boundary correction method of ‘none’ was selected in order to prevent 
gaps and overly-exclusive crops to the outlines of the ROIs. The FIRST ROIs are 
included in the analysis described in Chapter 7. The amygdala ROIs obtained using 
FIRST are discussed in Chapter 6. 
 
4.4.1.3 FreeSurfer 
Cortical grey matter structures were segmented using FreeSurfer [306] (see Figure 
36). FreeSurfer firstly removes non-brain tissue, including the skull and neck, from 
the T1-weighted scans. The brain images are then registered to Talairach standard 
space, and subcortical grey and white matter structures segmented. The intensity of 
the T1-weighted scans is normalised in order to remove any inconsistencies in signal 
intensity across the image, which can occur as a result of magnetic field 
inhomogeneities or noise. The boundaries between grey matter/white matter and 
grey matter/CSF are then estimated via identification of large shifts in voxel 
intensity. This process delineates the cerebral cortex, which is then parcellated into 
68 ROIs based on gyral and sulcal structure [307].  
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Figure 36 An example FreeSurfer output overlaid on a T1-weighted scan. 
Coronal (left), sagittal (middle), and axial (right) views are shown. Cortical 
grey matter is seen segmented in a rainbow of colours, with each colour 
representing one of the 68 cortical regions. White matter is shown in bright 
green (right hemisphere) and white (left hemisphere), and subcortical grey 
matter structures are also visible. 
 
All registrations and segmentations were visually checked. Poor segmentation of 
anterior temporal lobe structures was observed, which appeared to result from 
misclassification of white matter voxels in this region. FreeSurfer uses ‘control 
points’ to indicate white matter voxels during its processing stages. In order to 
combat the segmentation error, the normalisation step of the typical FreeSurfer 
pipeline was modified to increase the signal intensities included when estimating 
control points, thus including more of the misclassified white matter. The number of 
iterations used in the normalisation step was also increased. This revised protocol 
greatly improved the cortical segmentation by FreeSurfer, therefore all participants’ 
data were analysed using the adjusted pipeline in order to maintain consistency. 
The FreeSurfer cortical ROIs were used in the analyses detailed in Chapter 6 and 
Chapter 7. 
 
4.4.2 Diffusion-weighted scans 
The diffusion-weighted scan protocol consisted of a twice-refocused spin echo 
diffusion-weighted EPI sequence with 60 unique gradient directions (b=1000 s/mm2) 
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(see Section 2.11 for background on the sequence). Three images without diffusion 
weighting (b=0) were interleaved. The sequence parameters were: TR=7300 ms; 
TE=81 ms; voxel size=2.5mm isotropic; 60 axial slices. The diffusion-weighted data 
were pre-processed using TractoR which formed a wrapper around FSL version 4.1 
[308]. The first step in pre-processing is the selection and brain-extraction of the first 
reference b=0 scan volume from each participant [309]. Following that, the diffusion-
weighted scan volumes were registered to the brain-extracted reference volume in 
order to correct for eddy current distortions. A diffusion tensor was derived at each 
voxel using a standard least-squares process. This resulted in generation of voxel-
wise calculations of FA, MD, RD and AD.  
 
FSL’s BEDPOSTX [310] was applied to each of the diffusion-weighted scans in order 
to estimate the orientation and magnitude of diffusion, and thus infer white matter 
fibre orientations, within each voxel. BEDPOSTX uses a ball-and-sticks model, 
which allows for estimation of up to two white matter fibre directions per voxel (the 
‘sticks’) in addition to the amount of free water diffusion within the voxel (the 
‘ball’). A limitation of the ball-and-two-sticks model is that it cannot accurately 
distinguish crossing white matter tracts from those that ‘kiss’ i.e. tracts that touch, 
but do not cross over. Recent advances aimed at resolving ‘kissing’ fibres from 
crossing fibres, and future directions for diffusion-weighted imaging are outlined in 
Chapter 9. Head motion has been reported to affect the results of diffusion-
weighted studies in ASD [311]. Therefore, plots of estimated head motion during 
the diffusion-weighted scan were visually inspected. This is discussed in Chapter 5. 
 
4.4.3 Task-based fMRI scans 
The fMRI task was a version of ‘reading the mind in the eyes’ [312][313], in which 
participants viewed images of eyes and were asked to identify the person’s 
emotional state from a choice of four descriptions (see Figure 37). All participants 
were familiarised with the emotion descriptions prior to scanning. A control task 
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was included in which participants were required to assess the age of the person 
from the picture of their eyes, thus capturing brain activations as a result of viewing 
the image which could be subtracted from the brain activations arising from the 
emotion recognition task. Participants viewed alternate blocks of 10 emotion 
estimations and 10 age assessments, with three blocks of each in total. The order in 
which each task block was presented was randomised. Participants correctly 
identifying more emotions received a higher score. The relationship between 
emotion recognition scores and structural brain measures is explored in Chapter 6 
and Chapter 7 of this thesis. 
 
 
Figure 37 An example emotion recognition question in the ‘reading the mind 
in the eyes’ fMRI task. 
 
4.5 Correlation of brain structure with clinical severity 
Associations between ASD traits and measures of brain structure and 
microstructure are investigated throughout the thesis. All correlations were partial, 
with age, gender, and full-scale IQ included as covariates. Where appropriate, the 
volumes of ROI, such as un-normalised whole brain volume and amygdala volume 
were also included as covariates. These parameters were selected as covariates 
because they have previously been shown to influence DTI parameters 
[250][314][315][316] and could thus confound findings. 
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Scores in the AQ and the ‘reading the mind in the eyes’ fMRI task were used as 
estimates of ASD traits in the correlation analyses. As outlined in section 4.3.2, the 
AQ measures the extent of autistic traits displayed by both neurotypical controls 
and individuals with ASD in social, communication, attention switching, attention 
to detail, and imagination domains. The AQ and ‘reading the mind in the eyes’ were 
chosen due to their applicability to both healthy and ASD populations, the inclusion 
of several ASD-related behaviours, and their semi-continuous structures; all of 
which make them an ideal tool for assessing ASD traits in the whole study 
population, and for subsequent correlation with structural measures. 
 
                                                                                                                      | 143 
 
Chapter 5 White Matter Microstructure and Autistic Traits 
 
The work reported in this chapter has been published in NeuroImage:Clinical, 2014 
[317]. Please see Appendix C: Publication Attributed to Thesis for a copy of the 
paper. 
 
5.1 Introduction 
As outlined in Chapter 3, autistic symptoms are thought to arise from aberrant 
neurodevelopment in childhood. Early excessive brain growth [166] is thought to be 
followed by a decline in growth rate during later childhood, such that adolescents 
and adults with ASD have a similar whole brain volume to neurotypical controls, as 
measured by MRI [167]. This abnormal neurodevelopmental profile is likely to 
result in aberrant brain connectivity in ASD. Social and communication functions, 
which are impaired in ASD, are mediated by specialized brain regions that are 
connected into co-operative networks, including the limbic system [318] and mirror 
neuron systems [319]. The limbic network is supported structurally by white matter 
tracts, including the cingulum, inferior longitudinal fasciculus (ILF) and arcuate 
fasciculus [320][85]. The white matter connections underlying the mirror neuron 
system, which is made up of frontal motor areas, posterior parietal cortex and the 
superior temporal sulcus [321], are less-well defined, but are likely to include the 
cingulum and superior longitudinal fasciculus (SLF) [320][85]. These structural 
underpinnings to brain networks involved in socially-motivated behaviours 
suggests that autistic symptoms are caused or maintained by abnormal white matter 
microstructure. 
 
DTI provides information about white matter microstructure using measures of 
water diffusion in tissue [154] (see Section 2.12 for background information). Most 
previous DTI studies of ASD have been carried out in children and adolescents. The 
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majority have reported decreases in FA and increases in MD compared to 
neurotypical controls [244][261][243][233]. Such changes are indicative of aberrant 
white matter and may represent irregular organization of white matter tracts, 
relatively low axon density and/or deficient axon myelination [322]. Age-related 
changes in DTI parameters are widely reported in neurotypical development, with 
FA increasing and MD falling from early childhood into adolescence and early 
adulthood (reviewed in [276]). It is likely that age and developmental stage 
contribute to DTI findings in ASD studies of children and adolescents as they 
progress through the developmental process [260]. Thus, heterogeneity in age may 
explain contradictory reports that children with ASD have increased FA [200][204]. 
Evidence suggests that brain maturation, in terms of white matter tract formation, is 
virtually complete by early adulthood [275]; studies of white matter maturation, in 
terms of FA and MD, show that the majority of FA and MD changes occur prior to 
30 years of age, though maturation trajectories differ in each white matter tract and 
some tracts do not peak until approximately 40 years [323][324]. Some DTI studies 
have been conducted with adults included in the cohort, but samples have often 
been heterogeneous in terms of age, which may confound their findings 
[250][258][260]. The typical white matter developmental process is non-linear [276] 
and is therefore difficult to control for. Thus, in order to reduce age-related 
heterogeneity this study focussed on a relatively homogeneous adult population. 
 
Previous DTI investigations of ASD adults have tended to employ voxel-based 
techniques, including statistical parametric mapping (SPM), or ROI-based 
techniques, such as deterministic tractography which follows pathways of maximal 
diffusion in order to trace white matter tracts. Findings in adults with ASD using 
these techniques include reduced FA in the corpus callosum, which mediates cross-
talk between the two cerebral hemispheres [268]. Reduced corpus callosum FA was 
also reported in a combined sample of children and adults with ASD [250]. Reduced 
FA in adults with ASD has been further reported in the inferior fronto-occipital 
fasciculus (IFOF), uncinate fasciculus [261] and cerebellar white matter tracts [269]. 
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Increased MD, another marker of altered white matter microstructure, has been 
measured in the ILF and cingulum [261]. Co-localised reductions in FA and 
increases in RD have been reported in frontal, medial, temporal and parietal brain 
regions [273]. Alterations in the number of streamlines obtained using tractography 
have been reported in the ILF, IFOF, uncinate fasciculus and corpus callosum [265]. 
 
A limitation of techniques such as deterministic tractography and other ROI 
methodologies is that their interpretation requires a prior hypothesis. Only those 
white matter tracts pre-selected as ROIs can be subject to analysis; thus white matter 
alterations that occur in other tracts will not be observed. Voxel-based 
methodologies are limited by partial volume which can arise from registration error 
and smoothing techniques [325][157]. In contrast, there are advantages to employing 
tract-based spatial statistics (TBSS) [157], an automated method that enables voxel-
wise comparison of white matter parameters, including FA and MD. Like other 
voxel-based techniques, TBSS removes the requirement for prior determination of 
tracts of interest, but TBSS additionally moderates registration errors and reduces 
partial volume effects. It achieves this by aligning the FA data from each subject to a 
common space before extracting a white matter skeleton comprising the core of the 
white matter voxels, thus excluding the more variable voxels at the extremities of 
the white matter [157] [326]. TBSS has been applied to DTI scans of children and 
adolescents with ASD, and white matter tract alterations have been reported 
compared to controls [229][245][225][233][232][204][208][223][238][237][234]. 
Recently, Kleinhans et al [260] applied TBSS to a combined adolescent-adult cohort, 
with findings showing widespread reductions in FA and increases in MD and RD. 
This study is the first time that TBSS has been used to study brain structure in a 
purely adult cohort of ASD. 
 
Clinical characteristics of ASD are often considered to occur at the extreme of a 
continuum of social and communication skills found in the general population 
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[26][295][296]. Some evidence indicates that the severity of ASD traits is related to 
white matter microstructure in clinical populations: for example, a negative 
correlation has been shown between FA and Autism Diagnostic Interview-Revised 
(ADI-R) restricted and repetitive behaviour score in the cingulum of adults with 
ASD [268]. Catani et al. [269] reported a negative correlation between ADI-R social 
score and FA of the left cerebellar peduncle in adults diagnosed with Asperger’s 
syndrome. However, correlations between white matter characteristics and 
measures of ASD severity have not been supported by all studies [223] [231] [260]. 
Some groups have investigated whether the presence of sub-clinical ASD traits in 
neurotypical populations is correlated with white matter microstructure 
characteristics. Alexander et al. [250] reported a negative correlation between 
abnormalities in corpus callosum FA and social responsiveness scale (SRS) scores in 
a heterogeneous sample of neurotypical and autistic children and adults. Kumar et 
al. [208] reported a positive correlation between ASD traits and tract volume of the 
left uncinate fasciculus, and Iidaka et al. [297] identified a positive correlation 
between ASD traits and the volume of white matter tracts connecting the superior 
temporal sulcus and the amygdala in healthy individuals. Both studies suggest that 
larger white matter tract volume is associated with more severe ASD-like symptoms 
in neurotypical subjects. Further work is needed to confirm a) whether the 
relationship between white matter microstructure and ASD traits is a continuous 
spectrum between clinical ASD and neurotypical populations, b) if any association 
between white matter microstructure and autistic symptoms holds true for all ASD 
characteristics, and c) which regions and characteristics of white matter 
microstructure are most associated with particular autistic traits. These questions 
form the aim of the work reported in this chapter. 
 
IQ has been shown to correlate with white matter microstructure [250] and is 
therefore likely to influence, or be influenced by, DTI parameters. In light of this 
high-functioning individuals were recruited to the study in order to minimise any 
confounds from IQ, thus enabling the investigation of ASD-specific effects. 
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5.2 Methods 
The methods used for MRI acquisition and whole brain volume estimation are 
outlined in Chapter 4. Two-tailed t-tests were used to compare demographic 
measures between groups. Group comparison of normalised whole brain volumes 
were calculated using linear regression with age, gender and full-scale IQ as 
covariates. 
 
5.2.1 Tract-based spatial statistics 
TBSS was carried out using FSL version 4.1 [308]. All participants’ FA data were 
projected onto a mean FA image using the non-linear registration tool FNIRT. The 
registered data was thinned to create a mean FA skeleton that was restricted to 
voxels with the highest FA; these voxels typically occur at the centre of the major 
white matter tracts. Following visual assessment of the optimal threshold, the 
skeleton was thresholded at FA=0.2 in order to remove any voxels that had a low 
FA, and were therefore unlikely to represent white matter. Each participant’s 
aligned FA data were projected onto the skeleton and voxel-wise cross-participant 
statistics were applied using non-parametric permutation testing within TBSS. Age, 
gender, full-scale IQ and un-normalised whole brain volume were entered as 
covariates. The vast number of statistical tests made in each voxel of the white 
matter skeleton during TBSS increases the probability of a significant p-value 
occurring by chance. Therefore, results were corrected for multiple comparisons 
using family wise error (FWE) correction, in which each p-value is adjusted in light 
of the number of statistical tests performed, thus reducing the likelihood of false 
positives. Threshold-free cluster enhancement (TFCE) was applied, as per the TBSS 
protocol. TFCE compares neighbouring voxels in order to identify clusters of similar 
voxels; this increases confidence that each voxel’s results are genuine and not an 
isolated chance occurrence. Only clusters surviving FWE p<0.05 are reported. The 
locations of significant clusters were determined using the FSL atlas tools [327]. This 
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process was repeated for MD, RD and AD. TBSS fill was used for visualization 
purposes in figures. 
 
FSL tools were used to ascertain those white matter tracts that were most 
significantly different between the ASD and neurotypical groups. A skeletonised 
version of the John’s Hopkins University (JHU) ICBM-DTI-81 atlas was overlaid on 
top of the TBSS results in order to localise each voxel to its white matter tract. In 
each tract, the number of voxels with significant group differences in FA and/or MD 
was recorded. To control for tract size, the number of significant voxels was 
normalized as a percentage of the total number of voxels within that tract. Any 
significant white matter voxels that lay outside the JHU ICBM-DTI-81 atlas were 
recorded as ‘unclassified white matter’. 
 
5.2.2 Averaging DTI measures within the TBSS skeleton 
In order to investigate the average properties of the white matter in each 
participant’s brain, mean values for each DTI metric were calculated across the 
whole white matter skeleton. Group comparisons of mean FA, MD, RD and AD 
were made using linear regression with age, gender, full-scale IQ and un-
normalised whole brain volume as covariates. 
 
5.2.3 Correlations between DTI metrics and clinical scores 
The Lillie test was used to estimate the normality of the data. Due to non-normality 
of the AQ data, Spearman correlation was used to correlate DTI parameters 
averaged across the whole white matter skeleton with overall AQ score. Since AQ 
measures the extent of autistic traits in both neurotypical controls and individuals 
diagnosed with ASD, it is an ideal tool for assessing symptoms in the whole study 
population. The overall AQ score comprises results in social, communication, 
attention switching, attention to detail, and imagination domains. In order to obtain 
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a more detailed analysis of the relationship between white matter microstructure 
and autistics traits, Spearman correlation was subsequently used to investigate the 
relationship between the average white matter skeleton diffusion parameters and 
each domain of the AQ score. The high number of statistical tests involved in this 
domain-based correlation analysis increases the likelihood of incurring false 
positives by chance. In order to reduce the chance of this, false discovery rate (FDR) 
multiple comparisons correction was applied, in which each p value is divided by 
the total number of significant p values; only p values <0.05 after correction were 
considered significant. Correlations were carried out in a combined sample of all 
subjects in order to investigate whether any relationship between ASD traits and 
white matter microstructure applied across the entire study population in a 
continuous manner, as would be anticipated in a spectrum. 
 
In order to assess whether this continuous model appropriately explained any 
relationship between white matter microstructure and autistic behaviours, the 
similarity of the relationship between DTI parameters and AQ across all subjects 
was compared to the relationship observed within each group. ANCOVA was used 
to model both the intra- and inter-group relationships between AQ and white 
matter microstructure, with age, gender, full-scale IQ and un-normalised whole 
brain volume as covariates. A group term was included in the ANCOVA in order to 
model the AQ-white matter relationships once group effects were taken into 
account. Following this, regression slopes from each fit were plotted and pairwise t-
tests were used to statistically compare the slopes. These analyses enabled the 
investigation of whether correlations between AQ and white matter microstructure 
were driven by the within-group and/or between-group differences, and to test for 
presence of the Simpson-Yule paradox, which states that aggregated data can reveal 
a trend that is not representative of relationships within sub-groups. 
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In order to locate the white matter regions that were contributing to the correlations, 
voxel-wise DTI measures were correlated with AQ across all subjects using TBSS. 
Only clusters surviving TFCE p<0.05 are reported. 
 
All correlations were partial, with age, gender, full-scale IQ and un-normalised 
whole brain volume included as covariates.  
 
5.3 Results 
5.3.1 Demographics 
Due to outlying scores on all DTI metrics averaged from the TBSS white matter 
skeleton one control participant was excluded from the analyses that follow in this 
chapter. Their diffusion-weighted scan was examined for quality purposes, and no 
errors or anomalies were observed. Attempts were made to re-run the TBSS 
protocol to see if this would result in a more sensible estimation of the white matter 
skeleton and resulting DTI metrics, but outlying results were still obtained. Thus, it 
was concluded that the participant’s data could not be adequately processed using 
TBSS and should be excluded from the TBSS analyses. The demographics for the 
remaining participants are shown in Table 3. Two-tailed t-tests showed no 
significant group differences in age, verbal IQ, performance IQ or full-scale IQ. AQ 
was significantly higher in the ASD group, with an overlap in scores between the 
groups. 
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 Participant demographics and cognitive test scores. Table 3
The results of group comparisons using paired t-tests are shown. 1 Data are 
expressed as mean (standard deviation) [range]. 2 Combined social and 
communication sub-scores. 
 
5.3.2 Brain volume 
Linear regression analysis controlling for age, gender and full-scale IQ showed no 
significant group differences in whole brain volume (t=-0.69; p=0.49), total grey 
matter volume (t=-0.80; p=0.43) or total white matter volume (t=-0.36; p=0.72). 
 
5.3.3 Average DTI measures from the white matter skeleton 
FA values averaged across the whole white matter skeleton in each subject were 
significantly lower in the ASD group compared to controls (t=-3.54; p=0.001), whilst 
MD (t=2.78; p=0.008) and RD (t=3.32; p=0.002) were significantly elevated in the ASD 
group. There were no significant group differences in AD (t=0.98; p=0.33). 
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5.3.4 Voxel-wise DTI measures from the white matter skeleton 
The voxel-wise group comparison between ASD and controls showed widespread 
clusters of significantly reduced FA in the ASD group (p<0.05; TFCE-corrected) (see 
Figure 38A). This included white matter tracts bilaterally in the frontal, temporal, 
parietal and occipital lobes, in addition to the corpus callosum. The same group-
wise comparison for MD showed similarly widespread increases of MD in the ASD 
group compared to controls (Figure 38B). This was comparable to those seen in the 
FA comparison, though the fornix did not contain any significant clusters and 
affected voxels were more widespread in the temporal lobe and the right cingulum. 
Widespread significant increases in RD in the ASD group compared to controls 
were observed in a very similar pattern (Figure 38C). No significant group 
differences in AD were detected. 
 
Figure 38  Axial slices of the cohort’s mean white matter skeleton (green) 
overlaid with the TBSS results. 
The figure shows (A) red clusters depicting white matter voxels with 
significantly lower fractional anisotropy (FA) in subjects with autism spectrum 
disorder (ASD) compared to healthy controls (p <0.05; FWE-corrected). (B & C) 
Blue clusters showing regions with significantly higher mean diffusivity (MD) 
(B) and radial diffusivity (RD) (C) in ASD compared to controls (p <0.05; FWE-
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corrected). There were no significant differences in axial diffusivity (AD) 
between the two groups. TBSS fill was used for visualization. 
 
Table 4 shows the 20 white matter tracts, as outlined by the JHU-ICBM-DTI-81 atlas, 
which had the highest percentage of voxels showing significantly reduced FA and 
elevated MD in the ASD group in comparison to neurotypical controls. White 
matter tracts key for long-range pathways in the brain, such as the corona radiata, 
superior longitudinal fasciculus (SLF), and the corpus callosum contained large 
areas with significant group differences in white matter microstructure. Tracts 
involved in social processing, such as the fornix, ILF and IFOF also presented with 
large proportions of affected white matter microstructure in ASD. In white matter 
not encompassed by the atlas, 29.69% had significantly reduced FA in ASD 
compared to neurotypical controls, whilst 30.27% showed significantly elevated 
MD. 
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 The 20 white matter tracts in the skeletonized JHU-ICBM-DTI-Table 4
81 atlas which had the greatest proportion of voxels showing 
significantly reduced FA and significantly elevated MD in ASD 
compared to neurotypical controls. 
a Abbreviations: CC (corpus callosum); CR (corona radiata); IC (internal 
capsule); L (left); PTR (posterior thalamic radiation); R (right); SFOF (superior 
fronto-occipital fasciculus); SLF (superior longitudinal fasciculus); UF 
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(uncinate fasciculus). b Sagittal stratum includes the inferior longitudinal 
fasciculus (ILF) and inferior fronto-occipital fasciculus (IFOF). 
 
5.3.5 Relationship between DTI measures and clinical scores 
In the entire study population, whilst controlling for age, gender, full-scale IQ and 
whole brain volume, FA averaged over the whole white matter skeleton was 
negatively correlated with AQ (rho=-0.42; p=0.003). Highly significant positive 
correlations were observed between MD and AQ (rho=0.44; p=0.001) and RD and 
AQ (rho=0.46; p=0.0008). A weaker positive correlation was seen between AD and 
AQ (rho=0.22; p=0.12). Figure 39 contains plots of the correlations. One control 
participant had a high AQ score (an indication of autistic traits that approach 
clinical significance). Despite a small reduction in the significance of the 
correlations, regression slopes excluding that participant were very similar to 
regression slopes found whilst including them, thus the participant was left in the 
analyses. 
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Figure 39 Scatter plots showing results of partial Spearman correlations 
controlling for age, gender, full-scale IQ and whole brain volume. 
Red squares denote participants diagnosed with an autism spectrum disorder 
(ASD); blue triangles represent neurotypical controls. Grey shading shows the 
standard error of the fit. (A) A significant negative correlation between autism 
quotient (AQ) and fractional anisotropy (FA) (rho = -0.42; p = 0.003) in addition 
to significant positive correlations for AQ with (B) mean diffusivity (MD) (rho 
= 0.44; p = 0.001) and (C) radial diffusivity (RD) (rho = 0.46; p = 0.0008). (D) 
There was a weak positive correlation between AQ and axial diffusivity (AD) 
(rho = 0.22; p = 0.12). 
 
ANCOVA was used to model whether correlations between white matter 
microstructure and autistic traits, as measured by the AQ, were driven by within-
group and/or between-group differences, and to test for presence of the Simpson-
Yule paradox. Results identified a significant positive relationship between MD and 
AQ across the entire study population (F=4.38; p=0.04). There was a non-significant 
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positive correlation between AD and AQ across all subjects (F=3.85; p=0.06). This 
relationship applied within groups even after the between-group differences in AQ, 
MD and AD measures were taken into account. There was no significant 
relationship between the AQ and FA (F=0.29; p=0.59) or RD (F=2.65; p=0.11) after 
taking into account the significant group differences in these measures. This means 
that the relationships between ASD traits and FA and RD are mainly driven by the 
between-group differences in these measures, as opposed to within-group 
differences. No interaction between slope and AQ was found for any of the DTI 
measures, meaning that the Simpson-Yule paradox does not apply. In Figure 40, 
plots of regression slopes from correlations across all study participants are shown 
alongside regression slopes from within-group correlations. The slopes of the 
regressions look similar, if slightly more consistent in the neurotypical controls. 
Two-tailed t-tests showed that the slopes in the ASD and neurotypical control 
groups were not significantly different from one another (FA: t=0.88; p=0.38; MD: t=-
1.10; p=0.28; RD: t=-1.34; p=0.19; AD: t=-1.34; p=0.19). This indicates that the AQ-
white matter relationships are consistent across the spectrum from neurotypical 
controls through to autism. However, the regression slopes for the AQ-FA and AQ-
RD relationships within the ASD group do appear more different from the same 
slopes within the control and combined groups. Variance was higher in the 
individual groups, particularly the ASD group, as would be expected. 
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Figure 40 Plots of regression slopes arising from partial Spearman 
correlations between DTI metrics and AQ. 
Results are shown across all participants (purple circle), and within ASD (red 
square) and neurotypical control (blue triangle) groups separately. All 
correlations controlled for age, gender, full-scale IQ and whole brain volume. 
Points represent the value of the regression slope; lines show the 95% 
confidence interval of the fit. The plots show greater variance in the separate 
groups, particularly the ASD group. Slopes were similar for correlations in the 
combined sample in comparison with correlations in the separate groups: two-
tailed t-tests showed no significant differences between the slopes of the 
correlation fits in any of the DTI metrics (all p >0.05). 
 
Voxel-wise analysis in TBSS of correlations between the diffusion measures and AQ, 
controlling for age, gender, full-scale IQ and whole brain volume, indicated 
widespread clusters throughout the white matter of the left hemisphere and 
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bilaterally in the occipital lobe with a significant (p<0.05; FWE-corrected) positive 
correlation between AQ and MD (Figure 41A). There was a significant positive 
correlation between AQ and RD in a limited number of voxels from the SLF in the 
left hemisphere only (Figure 41B). There were no significant voxel-wise correlations 
between AQ and either FA or AD. 
 
Figure 41 Axial slices of the group white matter skeleton (green) overlaid 
with blue clusters showing white matter voxels in which autism quotient (AQ) 
is positively correlated (p <0.05; FWE-corrected). 
Results show (A) mean diffusivity (MD) widespread through the left 
hemisphere and bilaterally in the occipital lobe and (B) with radial diffusivity 
(RD) in voxels of the left hemisphere forming part of the left superior 
longitudinal fasciculus (SLF). There were no significant correlations between 
AQ and fractional anisotropy (FA) or axial diffusivity (AD). 
 
Partial correlations between sub-domains of AQ and diffusion measures averaged 
across the whole white matter skeleton, controlling for age, gender, full-scale IQ and 
whole brain volume, are summarized in Table 5. There were significant negative 
correlations between FA and the AQ social, communication and attention switching 
domains. MD and RD showed highly significant positive correlations with the AQ 
social, communication, attention switching and imagination domains. The only 
significant correlation for AD was with the imagination domain. 
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 Correlations across both groups between AQ sub-scores and Table 5
DTI parameters averaged throughout the white matter skeleton. 
ap values were adjusted for multiple comparisons using false discovery rate 
correction. Those p values remaining significant (p < 0.05) after FDR 
correction are displayed in bold text. 
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5.4 Discussion 
The work presented in this chapter reports on an investigation of white matter 
microstructure in adults with ASD, and the relationship between white matter 
microstructure and the spectrum of autistic traits across clinical and non-clinical 
populations. 
 
The first major finding of the study was of very widespread white matter 
disruption, as measured by FA, MD, and RD, in the group diagnosed with ASD in 
comparison to neurotypical controls. No significant group differences in AD were 
identified. These results are compatible with Kleinhans et al.’s [260] recent report of 
widespread white matter anomalies in a heterogeneous cohort of adolescents and 
adults with ASD using TBSS. The finding of widespread white matter aberrations in 
ASD adults is also consistent with the results of previous voxel-based and 
tractography studies in adults showing ASD-related white matter anomalies in 
temporal lobe and cortico-thalamic tracts [251]; limbic tracts, such as the cingulum, 
fornix and uncinate fasciculus [261]; the arcuate fasciculus [228]; tracts of the mirror 
neuron system, such as the arcuate fasciculus and IFOF [261]; and in the corpus 
callosum which connects the two cerebral hemispheres [250][268][265]. The analysis 
was not limited to prior regions of interest and so is able to demonstrate the 
widespread nature of white matter anomalies in ASD. The relative contribution of 
particular white matter tracts to the group difference in white matter microstructure 
was assessed, and results showed that large proportions of tracts that link 
widespread regions of the brain were affected in ASD. These included the superior 
fronto-occipital fasciculus, corpus callosum, internal capsule and corona radiata. 
Tracts associated with social processing were also majorly affected, including the 
fornix and uncinate fasciculus for FA, and the ILF, IFOF, and to a lesser extent, the 
fornix for MD. However, limbic tracts were not singularly affected to extent which 
would have been expected based on previous ROI-based studies. This suggests that 
the structural deficits associated with ASD are more wide-reaching than previously 
hypothesised. This is intuitive, since many deficits associated with ASD, such as 
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imagination difficulties, repetitive behaviours and a lack of flexibility, are likely to 
require the recruitment of several brain regions, and the interpretation of complex 
and rapid social situations involves many interconnected neural regions. 
 
Reductions in FA and increases in MD are thought to reflect reduced organization 
of the white matter, reduced axonal density, and/or reduced myelination, [154][322] 
although the precise biology underpinning particular FA and MD values cannot be 
determined due to restrictions in the resolution of DTI. Elevated RD represents 
increased water diffusion perpendicular to axon bundles, which may reflect 
reduced axon density, increased axon diameter, increased membrane permeability 
[328] and/or reduced myelination [329]. Maintenance of AD coupled with an 
increase in RD could signify reduced axon myelination [329] or increased membrane 
permeability [328]. These observations are suggestive of involvement of processes 
responsible for the myelination and preservation of axons in development of ASD, 
though this is outside the remit of DTI. 
 
Another major finding was that white matter microstructure, as measured by 
reduced FA and increased MD and RD, correlated with ASD symptom severity in 
the entire study sample. Correlations within each group were very similar in 
strength to corresponding correlations within all subjects. This finding indicates that 
there is a relationship between white matter microstructure and autistic symptoms, 
and that it is consistent across the spectrum of symptoms, from clinically-severe 
autism through to controls with no social difficultly. ASD, particularly in highly-
functioning individuals, is often considered to be at the extreme of a continuum of 
social and communication skills [26][295][296]. Our findings provide support for the 
hypothesis that dimensionality of ASD traits is closely related to white matter 
microstructure. This finding is compatible with Alexander et al. [250] who indicated 
that there was a dimensional relationship between corpus callosum microstructure 
and ASD traits in a combined clinical and non-clinical sample of adolescents and 
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adults. It is also consistent with previous studies that have reported correlations 
between ASD traits and white matter tract volume in neurotypical young adults 
[208][297]. Further, the results ally with prior reports of correlations between ASD 
severity and greater white matter disruption within adult ASD groups 
[268][269][265]. The results of the ANCOVA indicated that the white matter 
measures had different associations with ASD traits across the study population, 
with FA more associated with the large inter-group differences in AQ, and MD 
more related to the gradual continuum of autistic traits. Taken together, these 
results support the concept of a dimensional relationship between white matter 
microstructure and ASD symptomatology in young adults; however a threshold or 
watershed of white matter changes, as measured by FA and RD, appears to be 
associated with clinically-severe symptoms. This finding also suggests that different 
white matter changes affect white matter function, and thus autistic behaviours, in 
different ways. This could be studied using high-resolution techniques and 
histological analyses.  
 
In order to identify any specificity in the relationship between autistic behaviours 
and white matter microstructure, sub-domains of the AQ were correlated with each 
white matter metric. The correlation between FA and ASD traits was strongest for 
social, communication and attention switching domains and weakest for 
imagination and attention to detail. This supports the concept of distributed white 
matter connectivity influencing flexibility, social and communication ASD 
behaviours. MD and RD also showed strong associations with the core social and 
communication features of ASD and with attention switching and imagination. 
Interestingly, MD had a stronger relationship with imagination than with social 
ability. This is in contrast to FA and RD which were more strongly related to social 
skills. These results indicate that MD is more strongly associated with a wider 
complement of ASD traits, including imagination, than FA which is more linked to 
attention switching and the core social-communication ASD behaviours. A 
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disconnect between FA and MD correlation results was also observed by Catani et 
al. [269]. This work provides further evidence for the nature of this disconnect. 
 
The widespread nature of the white matter anomalies found in this study is perhaps 
surprising given that the participants are all high-functioning. Further, the group 
comparisons and correlations between ASD traits and white matter microstructure 
were independent of IQ which was well matched between groups and controlled for 
in all statistical tests. The relationships identified in this study between white matter 
microstructure and the severities of ASD impairments are thus independent of 
general cognitive ability. The finding of a disconnect concerning the relationship 
between white matter microstructure and social cognition from general cognition is 
consistent with evidence that corpus callosum agenesis is associated with increased 
incidence of ASD traits, but no significant difference in IQ scores [330]. This 
disconnect may occur as a result of differences in the way in which social cues and 
behaviours are processed in comparison to the logical processing required for the IQ 
test. Evidence suggests that social and communication processing involve co-
ordinated activation of a network of brain areas in both hemispheres [318][319]. This 
need for recruitment of dispersed brain regions during social processing means that 
white matter abnormalities are likely to have a negative impact on effective 
communication between these regions of the ‘social brain’, and hence may explain 
the strong relationship between white matter microstructure and ASD traits which 
is independent of IQ. Kanwisher [331] reviews evidence suggesting that several 
social functions, including face recognition and thinking about another person’s 
thoughts, are localized to functionally specialised brain regions, each of which will 
need to communicate via white matter tracts. Additional recent evidence indicates 
that intelligent cognition may occur via multiple networks [332], suggesting that 
some element of duplication may provide a ‘back-up’ for functions required for the 
IQ test. This finding supports the hypothesis that ASD is associated with a deficit in 
understanding social situations, which are often complex, rapid, and context-
dependent, alongside relative sparing of the capacity for logic and attention to detail 
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– skills that are probed by cognitive tests. Further work investigating the separation 
between IQ and social cognition would shed light on this. 
 
No significant differences in whole brain, total grey matter or total white matter 
volume were found between the groups. This is consistent with previous reports 
that brain volumes of adults with ASD are similar to those of neurotypical controls 
[166][167], implying that alterations in the structural wiring of the brain underpin 
ASD symptomatology to a greater extent than brain volume itself. 
 
At present only post-mortem studies could confirm the exact nature of the white 
matter changes reported here, since DTI cannot resolve single axons. The values of 
white matter indices in our participants are variable. This variability may be 
reduced by larger sample sizes, but does limit the usefulness of DTI measures as 
biomarkers of change at an individual level. Findings indicate that there could be a 
threshold of white matter change required for clinically-significant ASD symptoms, 
and studies with larger sample sizes would be useful when testing this hypothesis. 
A larger sample size would also provide greater power to investigate hypotheses. 
The AQ is a self-report measure, which may affect its validity, and a correlation 
does not mean that a causal relationship has been identified. Further study could 
include a combination of DTI and fMRI, which would enable analysis of the 
relationship between white matter microstructure and brain activity in ASD, and 
relationships between ASD traits and both brain structure and function. This would 
enable elucidation of the holistic relationship between structural and functional 
brain characteristics and ASD behaviours. 
 
5.5 Conclusion 
In conclusion, the findings of this study indicate that the spectrum of ASD traits in 
the study population is related to a spectrum of white matter characteristics, and 
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that white matter anomalies are more severe in those diagnosed with ASD. Tracts 
involved in functions such as social and communication processing and attention 
switching ability are implicated. There may be a threshold of effect. IQ was 
maintained in the individuals included in this study, thus the findings imply that 
there is a dissociation between white matter features linked to IQ-related abilities 
and the white matter characteristics associated with ASD traits. 
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Chapter 6 Structural Connectivity of the Amygdala in Autism 
The work reported in this chapter utilises tractography to analyse the structural 
connectivity of the amygdala in ASD. The amygdala is sub-divided based on 
connectivity to the cortex, and the association between these white matter 
connections and autistic traits was investigated. 
 
6.1 Introduction 
Impairments in the recognition of emotional facial expressions and in ‘theory of 
mind’ — which includes the ability to ascribe emotional states to others — are 
typical in ASD. Lesion studies have shown that the amygdala is involved in the 
recognition of emotionally-charged facial expressions, in particular fear [333], and in 
the acquisition of ‘theory of mind’ abilities during development [334]. This 
association between the amygdala and emotional intelligence suggests that changes 
in the amygdala play a pivotal role in the development and maintenance of autistic 
behaviours [335]. Current evidence is somewhat ambiguous: structural MRI studies 
report both amygdala enlargement [180][181] and reduction [115][182] in ASD, and 
fMRI studies have identified both hypoactivation [108] and hyperactivation [336] of 
the ASD amygdala in response to social cues. Nonetheless, amygdala volume has 
been related to the severity of autistic symptoms across a variety of measures 
[337][186], and longitudinal MRI studies have consistently identified early 
accelerated amygdala growth in ASD [184][185]. 
 
The amygdala is structurally connected to other brain regions via a network of 
white matter tracts that enable it to fulfil its functions; linking the amygdala, and its 
ability to process emotional stimuli, to sensory regions that receive inputs and 
regions that mediate physiological responses. As outlined in previous chapters, DTI 
provides biomarkers of white matter microstructure [154]. Despite evidence 
highlighting the importance of the amygdala in ASD, and functional connectivity 
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studies suggesting that the autistic amygdala is ‘wired’ differently (e.g. [338][339]), 
surprisingly few DTI studies have investigated the structural connectivity of the 
amygdala in ASD. Noriuchi et al. [237] reported significantly reduced FA in white 
matter surrounding the amygdala in children with ASD, and Jou et al. [235] 
observed reduced FA in the inferior longitudinal fasciculus and the inferior fronto-
occipital fasciculus (IFOF) (both of which connect temporal lobe structures, 
including the amygdala). Radua et al. [340] conducted a meta-analysis of voxel-
based morphometry studies in ASD and reported elevated volume in the IFOF and 
the uncinate fasciculus, which links the temporal and frontal lobes; this is in contrast 
to Ecker et al. [341] who showed reduced volume of the IFOF and the uncinate 
fasciculus in ASD. This study uses DTI tractography to addresses the lack of 
research into the structural connectivity of the amygdala in ASD, and directly 
investigates the relationship between these structural connections and autistic 
behaviours. 
 
Studies of animal and human pathology have shown that the amygdala comprises 
several nuclei (e.g. [342][343][344]), each associated with a unique cytoarchitecture 
and specialised function: for instance, pyramidal cells within the lateral nucleus 
mediate stimulus-effect memory [345], and behavioural responses to stimuli are 
thought to arise in the central nucleus [346]. Some amygdala−cortical projections are 
nucleus-specific: for example, the lateral nucleus connects to medial orbitofrontal, 
parainsula, and temporal cortices [347], whilst the central nucleus is connected to 
the brainstem [348]. Recent tractography studies in healthy adults have reported 
that it is possible to segment the amygdala into sub-regions in vivo using white 
matter connectivity-based parcellation schemes: Bach et al. [349] used a k-means 
algorithm to parcellate the amygdala into two clusters based on connectivity to the 
ventromedial pre-frontal cortex and the temporal pole; Saygin et al. [344] used 
expressions describing expected connections between amygdala nuclei and cortical 
targets in order to sub-divide the amygdala into four clusters, which were in good 
agreement with manual tracing on a high-resolution T1-weighted image. Sub-
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division of the amygdala enables identification of voxels that share similar 
connectivity, and determines whether similarly-connected voxels lie adjacent to one 
another in defined clusters. It is likely that the type and strength of cortical 
projections from each amygdala sub-region are related to different amygdala 
functions. 
 
Evidence suggests that sub-regions of the amygdala are cytoarchitectonically altered 
in ASD [350][351]. In this study, sub-division of the amygdala enables exploration of 
whether the structural connectivity of amygdala sub-regions is different in ASD, 
and if this is associated with particular autistic traits. A ‘winner takes all’ method 
was selected [352] which identifies the target a voxel maximally connects to, and 
uses this information to divide structures into clusters of voxels with the same 
‘winning’ target. This removes the need to decide on the number of clusters in 
advance, as is necessary with k-means clustering, and allows the data to drive the 
results, as opposed to imposing prior expectations on the underlying anatomy. The 
aim was not to validate or replicate amygdala nuclei as identified using post-
mortem dissection and cytoarchitecture, which is beyond the limits of current 
diffusion MRI on standard clinical MRI systems applied to humans in vivo; the 
intention was to apply a robust data-driven parcellation scheme to investigate 
pathways of amygdala−cortical connectivity, whether they can be distinguished in 
sufferers of ASD compared to neurotypical controls; and in order to dissect out 
those amygdala−cortical connections most strongly associated with autistic traits. 
Parcellation of the amygdala on the basis of cortical connectivity enables one to look 
beyond amygdala−cortical connectivity as a whole, and permits the identification 
those areas of the amygdala that are most similar in their gross-level cortical 
connectivity. This approach facilitates identification of whether amygdala voxels 
that share the same ‘winning’ cortical target lie adjacent to one another in defined 
clusters, which would support evidence that different portions of the amygdala are 
predisposed towards particular patterns of connectivity and different functions. To 
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the best of my knowledge this is the first time that amygdala sub-structure and 
structural connectivity has been investigated in ASD. 
 
To summarise, the amygdala is highly important for the recognition, interpretation, 
and response to emotional stimuli; abilities which are impaired in ASD. ASD-related 
amygdala abnormalities have been reported in MRI studies, however amygdala 
connectivity has been relatively understudied in this population. Histopathological 
investigations have indicated that the amygdala is sub-divided into regions, each 
with specific connectivity profiles and functions. The aim was to investigate 
amygdala−cortical connectivity, and to explore the relationship between particular 
amygdala−cortical connections and autistic traits using in vivo white matter 
tractography. Studying amygdala connectivity enhances understanding of the 
biological basis of ASD symptomatology. 
 
6.2 Methods 
6.2.1 Participants 
Twenty-five high-functioning young adults with autism and 26 age-matched 
neurotypical controls were recruited locally, as outlined in Section 4.2. Scores for the 
AQ [26] sub-domains: social skills, communication ability, capacity for attention 
switching, attention to detail, and imagination were correlated with brain measures 
in this study. Emotion recognition scores from the ‘Reading the Mind in the Eyes’ 
fMRI task [312][313], in which participants viewed images of eyes and were asked to 
identify the person’s emotional state from a choice of four emotional descriptors, 
were also correlated with structural brain measures in this study. Participant scores 
for the emotional component of the task were higher in subjects who accurately 
identified the emotion being portrayed in the picture. Two-tailed t-tests were used 
to compare demographic measures between groups. 
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6.2.2 Data acquisition and pre-processing 
Data acquisition and pre-processing proceeded as described in Chapter 4. FSL’s 
BEDPOSTX [308]. was applied in order to estimate diffusion parameters within each 
voxel using a ball and two sticks model, thus allowing for estimation of up to two 
white matter fibre directions per voxel [310]. 
 
6.2.3 Region of interest segmentation and volume estimation 
Whole brain volume was calculated on the T1-weighted scans using the FSL tool 
SIENAX [301][302], as outlined in Section 4.4.1.1. 
 
Left and right amygdala volumes were calculated on the T1-weighted scans using 
the FSL tool FIRST [303], as described in Section 4.4.1.2. The amygdala regions of 
interest were separated from the other FIRST subcortical segmentations and 
amygdala volume estimated using FSL utilities. Amygdala volume was compared 
between groups using linear regression with age, gender, full-scale IQ and whole 
brain volume as covariates. 
 
Cortical grey matter was segmented into 68 regions of interest using FreeSurfer 
[306], which is described in Section 4.4.1.3. These cortical grey matter regions of 
interest were grouped into frontal, parietal, occipital, temporal, and insula lobes 
using FSL utilities. 
 
6.2.4 ‘Winner takes all’ amygdala parcellation 
All regions of interest were registered from T1 space into diffusion space using a 
combination of FSL’s linear registration tool FLIRT [353] and non-linear method 
FNIRT. All registrations were visually assessed. 
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TractoR was used to seed probabilistic tractography from each amygdala voxel 
using the five ipsilateral cortical regions of interest as targets, and the contralateral 
target as an exclusion mask in order to prevent streamlines from crossing the 
midline. 5000 streamlines were seeded from each amygdala seed voxel. Since 
tracking was propagated in both directions from the seed voxel, only portions of the 
streamlines that proceeded from the seed in the direction of the target and 
terminated at the target were retained. The numbers of streamlines connecting 
every amygdala voxel to each ipsilateral cortical target were recorded in a 
connectivity matrix. 
 
An iterative ‘winner takes all’ process based on the method outlined by Behrens et 
al. 2003 [352] was used to interrogate the connectivity matrix and parcellate the 
amygdala based on its structural connections. Each amygdala voxel was assigned to 
a cluster based on the cortical target it was maximally connected to, as defined by 
the highest number of connecting streamlines. If fewer than 50% of participants had 
a particular cluster it was excluded. New ‘winners’ were then found in those voxels. 
This process was repeated until each participant’s amygdala voxels were assigned 
to a cluster found in at least 50% of participants. Cluster volumes were measured 
using FSL utilities and included as a covariate in group comparison and correlation 
analyses performed using each clusters’ white matter tract characteristics. 
 
6.2.5 Estimation of DTI parameters in white matter tracts 
In each participant, FA and MD values in every voxel of white matter tracts 
connecting amygdala clusters to their ‘winning’ target were weighted by the 
number of streamlines in that voxel. The weighted FA and MD values were then 
averaged across the whole of the white matter tract. The use of weighted FA and 
MD values prevented rarely-visited voxels from dramatically affecting the average 
thus ensuring that the microstructure of the tract was accurately represented in the 
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average measure, and that the potential for noise in the FA and MD measurements 
was mitigated. These metrics, representative of white matter microstructure, were 
compared between groups using linear regression with age, gender, and full-scale 
IQ as covariates. Ipsilateral amygdala volume was additionally included as a 
covariate when comparing FA and MD for the whole amygdala; amygdala cluster 
volume was used when comparing FA and MD for tracts arising from each of the 
amygdala clusters. False discovery rate (FDR) multiple comparisons correction was 
applied to the group comparison of DTI parameters; results remaining significant 
(p<0.05) following FDR correction are highlighted in the results section using the 
symbol **. 
 
6.2.6 Relationship between structural measures and clinical scores 
In order to investigate the specificity of relationships between particular autistic 
traits and the amygdala, the AQ sub-scores were correlated with amygdala volume 
and amygdala−cortex white matter tract microstructural properties. Correlations 
were also carried out between amygdala measures and score in the emotion 
recognition portion of the adjusted ‘Reading the Mind in the Eyes’ task, which was 
completed during the task-based fMRI scan. 
 
Due to non-normality of the data, partial Spearman correlation was applied with 
age, gender and full-scale IQ included as covariates for all correlations. 
Additionally, whole brain volume was included as a covariate for correlations with 
amygdala volume; respective amygdala cluster volume was included as a covariate 
for correlations of cluster tract DTI measures. FDR multiple comparisons correction 
was applied to the correlation tests; correlation results remaining significant (p<0.05) 
following FDR correction are highlighted in the results section using the symbol **, 
whilst results becoming a non-significant trend (p<0.09) following FDR correction 
are denoted using the symbol *. 
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6.3 Results 
6.3.1 Participant demographics 
Table 6 summarises participant demographics. Analysis using two-tailed t-tests 
showed no significant group differences in age, verbal IQ, performance IQ or full-
scale IQ. Somewhat surprisingly, no significant group differences in emotion 
recognition score were detected. AQ was significantly higher in the ASD group, as 
would be expected. 
 
 
 Participant demographics and cognitive test scores. Table 6
The results of group comparisons using paired t-tests are shown. 1 Data are 
expressed as mean (standard deviation) [range]. 2 Combined social and 
communication sub-scores. 
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6.3.2 Whole brain and amygdala volume 
As shown in Table 7, linear regression analysis controlling for age, gender and full-
scale IQ showed no significant group differences in whole brain volume normalised 
for skull size (t=0.49; p=0.63). Right amygdala volume, covarying for age, gender, 
IQ, and whole brain volume, was elevated in the ASD group compared to 
neurotypical controls (t=1.98; p=0.05). There was no significant group difference in 
left amygdala volume (t=0.78; p=0.44). 
 
 
 Whole brain and amygdala volumes (cm3) by group. Table 7
1 Data expressed as mean (SD) [range]. a Covaried for whole brain volume. 
 
6.3.3 Microstructure of amygdala white matter tracts 
Average MD in white matter tracts connecting the right amygdala with right 
hemisphere cortical grey matter was significantly elevated in the ASD group in 
comparison with controls (t=2.35; p=0.02**) (see Figure 42). No other significant 
group differences in amygdala white matter microstructure were detected. 
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Figure 42 Box and whisker plot showing significantly elevated mean 
diffusivity (MD) in white matter tracts connecting the right amygdala with the 
right cortex. 
Results are shown for the ASD group (left) compared to the controls (right) 
following correction for the influence of age, gender, full-scale IQ and right 
amygdala volume (t=2.35; p=0.02 [p<0.05 after FDR correction]). 
 
6.3.4 Relationship between amygdala−cortex white matter tract microstructure 
and measures of autism severity 
In the ASD group, FA in white matter tracts connecting the right amygdala with the 
whole right cortex was negatively correlated with AQ (rho=-0.44; p=0.03*). MD in 
these same white matter tracts joining the right amygdala with the right cortex was 
negatively correlated with performance in the ‘Reading the mind in the eyes’ task 
(rho=-0.53; p=0.006**). See Figure 43 for plots of the correlations. 
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Figure 43 Plots showing results of partial Spearman correlations in the ASD 
group. 
Correlations are shown between (panel A) autism quotient (AQ) score and 
fractional anisotropy (FA) of white matter tracts connecting the right amygdala 
with the right-hemisphere cortical grey matter (rho=-0.44; p=0.03 [p<0.09 
following FDR correction]), and (panel B) mean diffusivity (MD) of the same 
right-hemisphere tracts with score in a ‘Reading the Mind in the Eyes’ task 
(rho=-0.53; p=0.006 [p<0.05 after FDR correction]). Higher AQ and lower 
‘Reading the Mind in the Eyes’ scores reflect greater autism severity, whilst 
lower FA and higher MD scores are associated with reduced microstructural 
integrity of the white matter. Age, gender, full-scale IQ, and right amygdala 
temporal cluster volume were covariates. The shaded panel represents 
standard error. 
 
Across the entire study sample, FA in white matter tracts linking the amygdala to 
the cortex was negatively correlated with AQ in both the left (rho=-0.30; p=0.03**) 
and the right hemisphere (rho=-0.34; p=0.01**). MD in the same white matter tracts 
was positively correlated with AQ (left hemisphere: rho=0.31; p=0.03** and right 
hemisphere: rho=0.44; p=0.001**). There were no significant correlations between 
DTI metrics and emotion recognition score across the entire study sample. 
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6.3.5 Amygdala parcellation 
Parcellation of control and autism amygdalae using the ‘winner takes all’ algorithm 
identified clusters of amygdala voxels demonstrating maximal white matter 
connectivity to the same cortical grey matter target, thus segmenting the amygdala 
in vivo based upon its structural connectivity, as shown in Figure 44. 
 
 
Figure 44 A representative subject showing the results of ‘winner takes all’ 
parcellation of the amygdala in vivo overlaid on the participant’s T1-weighted 
image. 
Parcellation was based on the amygdala’s structural connectivity profile: 
probabilistic tractography was seeded from each amygdala voxel to ipsilateral 
frontal, parietal, temporal, occipital, and insula cortices; each voxel was 
assigned a ‘winning’ target which it maximally connected to: frontal cortex 
(green), parietal cortex (red), temporal cortex (blue), and insula cortex (yellow). 
The occipital lobe was not a winning target for any voxel. 
 
In both the left and right amygdalae, this resulted in four possible clusters 
connecting to the frontal lobe, parietal lobe, temporal lobe, and insula cortices. There 
was no cluster connecting to the occipital lobe in any subject, which indicates that it 
was not a ‘winning’ target for the number of subjects required to denote a cluster. 
Figure 45 shows an example of the probabilistic tractography results, showing 
connectivity between the amygdala clusters and the four ‘winning’ cortical targets. 
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Figure 45 An example of the results of probabilistic tractography seeded 
from clusters of amygdala voxels and terminating at each cluster’s ‘winning’ 
cortical target. 
Tracts connecting the amygdala frontal cluster with the frontal cortex are 
shown in green (panel A), yellow for connections between the amygdala and 
the insula cortex (panel B), red for the parietal cortex (panel C), and blue for 
the temporal cortex (panel D). The amygdala and cortical targets are shown in 
orange within each panel. The images were obtained by visualising the tracts 
and regions of interest in TrackVis [354], and overlaying these on a glass 
representation of the brain. A cut-off in the X-plane was applied in order to 
allow for better visualisation of the tract pathways. 
 
6.3.6 Microstructure of amygdala cluster white matter tracts 
Average FA in white matter tracts connecting the right amygdala insula cluster with 
the right insula cortex was reduced in autism (t=-2.32; p=0.03). There were no other 
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significant group differences in FA or MD of white matter tracts from amygdala 
clusters. 
 
6.3.7 Relationship between amygdala cluster white matter tract microstructure 
and measures of autism severity 
Within the ASD group, FA in tracts joining the left amygdala temporal cluster with 
the left temporal cortex were negatively correlated with AQ communication (rho=-
0.44; p=0.03 (Figure 46A)) and AQ attention switching (rho=-0.61; p=0.001** (Figure 
46C)). Average MD in tracts linking the left amygdala temporal cluster to the left 
temporal cortex were positively correlated with scores for AQ communication 
(rho=0.46; p=0.02 (Figure 46B)) and AQ imagination (rho=0.41; p=0.04 (Figure 46D)). 
AQ attention switching score was negatively correlated with average FA (rho=-0.50; 
p=0.01 (Figure 46E)) and positively correlated with MD (rho=0.43; p=0.03 (Figure 
46F) in tracts joining the right amygdala temporal cluster and the right temporal 
cortex. 
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Figure 46 Plots showing results of partial Spearman correlations in the ASD 
group. 
Fractional anisotropy (FA) of white matter connecting the left amygdala 
temporal cluster to the temporal cortex correlated with autism quotient (AQ) 
communication score (rho=-0.44; p=0.03) (panel A), and the same measure of FA 
with AQ attention switching score (rho=-0.61; p=0.001 [p<0.05 after FDR 
correction]) (panel C). Mean diffusivity (MD) in the same left hemisphere 
tracts correlated with AQ communication (rho=0.46; p=0.02) (panel B) and AQ 
imagination scores (rho=0.41; p=0.04) (panel D). AQ attention switching score 
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was correlated with both FA (rho=-0.50; p=0.01) (panel E) and MD (rho=0.43; 
p=0.03) (panel F) of white matter tracts linking the right amygdala temporal 
cluster with the right temporal cortex. Elevated AQ scores are associated with 
greater symptom severity; lower FA and higher MD scores are reflective of 
reduced white matter microstructural integrity. Age, gender, full-scale IQ, and 
respective amygdala temporal cluster volume were covariates. The shaded 
panel represents standard error. 
 
Positive correlations were observed between average MD of white matter tracts 
connecting the left amygdala parietal cluster with the left parietal cortex and AQ 
communication (rho=0.39; p=0.05 (Figure 47A)) and AQ attention switching 
(rho=0.47; p=0.02 (Figure 47B)) scores. FA in white matter connecting the right 
amygdala parietal cluster with the right parietal cortex was negatively correlated 
with AQ communication (rho=-0.46; p=0.02 (Figure 47C)).  
 
Within the ASD group, there was a positive correlation between score on the 
‘Reading the Mind in the Eyes’ task and FA of white matter connecting the left 
parietal lobe with the left amygdala parietal cluster (rho=0.45; p=0.02* (Figure 47D)). 
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Figure 47 Plots showing results of partial Spearman correlations in the ASD 
group. 
Mean diffusivity (MD) of white matter tracts linking the left amygdala parietal 
cluster with left parietal cortex and autism quotient (AQ) communication score 
(rho=0.39; p=0.05) (panel A), and the same tract measure of MD with AQ 
attention switching score (rho=0.47; p=0.02) (panel B). Panel C shows a plot of 
the relationship between AQ communication score and fractional anisotropy 
(FA) of tracts joining the right amygdala parietal cluster with right parietal 
cortex (rho=-0.46; p=0.02), whilst panel D shows the relationship between FA of 
the same parietal tracts in the left hemisphere with score in a ‘Reading the 
Mind in the Eyes’ task (rho=0.45; p=0.02 [p<0.09 following FDR correction]). 
Higher AQ scores and lower ‘Reading the Mind in the Eyes’ task scores reflect 
greater autism severity, whilst lower FA and higher MD values are associated 
with reduced microstructural integrity of the white matter. Age, gender, full-
scale IQ, and respective amygdala parietal cluster volume were covariates. The 
shaded panel represents standard error. 
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When looking at the combined study sample, a positive correlation was observed 
between FA in white matter tracts connecting the left amygdala temporal cluster 
and the left temporal cortex with AQ attention switching score (rho=-0.35; p=0.01*). 
There was a positive correlation for MD in the same white matter tracts with AQ 
attention to detail (rho=0.37; p=0.007**) and AQ imagination (rho=0.28; p=0.05 [not 
significant after FDR correction]) scores. A positive correlation was measured for 
MD in the same tract in the right hemisphere with AQ attention to detail (rho=0.28; 
p=0.04 [not significant following FDR correction]). 
 
Also in the combined study sample, negative correlations were identified between 
average FA of white matter tracts connecting the right amygdala insula cluster and 
the right insula cortex and AQ social (rho=-0.30; p=0.03** (Figure 48A)), AQ 
communication (rho=-0.31; p=0.03** (Figure 48C)), AQ attention to detail (rho=-0.27; 
p=0.05* (Figure 48E)), and AQ imagination (rho=-0.31; p=0.03** (Figure 48G)) scores. 
Positive correlations were identified for MD in the same white matter tracts and AQ 
social (rho=0.36; p=0.009** (Figure 48B)), AQ communication (rho=0.31; p=0.03** 
(Figure 48D)), AQ attention switching (rho=0.37; p=0.007** (Figure 48H)), and AQ 
attention to detail (rho=0.36; p=0.009** (Figure 48F)) scores. 
 
Further, a positive correlation was observed between average MD for tracts 
connecting the left amygdala frontal cluster to the left frontal cortex and AQ 
attention to detail score (rho=0.29; p=0.04 [not significant following FDR 
correction]). There were no significant correlations between cluster tract DTI 
measures and emotion recognition score in the combined study sample. 
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Figure 48 Plots showing results of partial Spearman correlations across the 
entire cohort. 
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Fractional anisotropy (FA) of white matter tracts linking the right amygdala 
insula cluster with right insula cortex were correlated with autism quotient 
(AQ) social score (rho=-0.30; p=0.03) (panel A), AQ communication score 
(rho=-0.31; p=0.03) (panel C), AQ attention to detail score (rho=-0.27; p=0.05) 
(panel E), and AQ imagination score (rho=-0.31; p=0.03) (panel (G). Mean 
diffusivity (MD) in the same white matter tracts were correlated with AQ 
social score (rho=0.36; p=0.009) (panel B), AQ communication score (rho=0.31; 
p=0.03) (panel D), AQ attention to detail score (rho=0.36; p=0.009) (panel F), 
and AQ attention switching score (rho=0.37; p=0.007) (panel H). Higher AQ 
scores reflect greater autism severity, whilst lower FA and higher MD values 
are associated with reduced microstructural integrity of the white matter. 
Age, gender, full-scale IQ, and respective amygdala parietal cluster volume 
were covariates. The shaded panel represents standard error. 
 
6.4 Discussion 
Using a ‘winner takes all’ approach the amygdalae of both neurotypical and autistic 
subjects were parcellated using measures of structural connectivity. Clusters of 
amygdala voxels that were maximally connected to either frontal, parietal, 
temporal, or insula cortices were identified. White matter microstructure was 
investigated for each of these amygdala−cortex connections, in addition to the 
ipsilateral cortex as a whole. The main finding of this study is that, in this sample of 
young adults with ASD, the right amygdala is larger compared to neurotypical 
controls and its connections with ipsilateral cortical grey matter are less 
microstructurally coherent; a finding that is associated with the severity of the 
autistic phenotype, as measured by higher AQ and lower emotion recognition 
scores. A second finding of importance is that parcellation of the amygdala into sub-
regions that share similar cortical connectivity enabled identification of those 
amygdala−cortical connections most associated with autistic behaviours: 
connections between the amygdala and the insula cortex were altered in ASD 
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compared to controls, and reduced microstructural integrity of amygdala−parietal 
and amygdala−temporal connections was related to greater ASD-related difficulties. 
Further, results indicated that there is both regional and hemispheric specialisation 
of amygdala−cortical connectivity and its association with ASD symptoms. 
 
Findings using the whole amygdala suggest that right amygdala volume and 
anomalies in its structural connections with the cortex are more associated with the 
autistic phenotype than the left amygdala. This is in agreement with Murphy et al.’s 
[187] study in which right, but not left, amygdala volume group differences 
survived correction for brain volume, and report of an association between right 
amygdala volume and anxiety in children with ASD that was not significant for the 
left amygdala [355]. Additionally, anomalously elevated functional activation of the 
right, but not left, amygdala when autistic participants were shown socially-valent 
stimuli has been reported [336]. The exaggerated right amygdala response 
correlated with participants’ amplified behavioural responses to sensory stimuli 
[336]. However, volumetric differences in both left and right amygdalae have been 
reported in ASD [115][356], correlating with clinical characteristics of autism [337], 
and functional deficits in response to social stimuli have been reported bilaterally in 
the amygdalae of autistic subjects [108][115]. Additionally, significant correlations 
between white matter microstructure and ASD severity, as measured by the AQ, 
were identified for amygdala–cortical tracts in both the left and right hemispheres 
when looking across the entire study sample. This implies that greater statistical 
power, as afforded by the combined study sample, enables the identification of 
further associations between white matter microstructure and ASD trait severity 
than investigations within the ASD group alone. An alternative explanation is that 
the right amygdala is more associated with clinically-significant ASD traits than the 
left amygdala, though this hypothesis requires further explanation. 
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Parcellation analysis enabled further investigation of amygdala−cortical 
connectivity, and identified hemispheric specificity with regards to 
amygdala−cortical connectivity dysfunction in ASD: bilateral anomalies in white 
matter microstructure associated with poorer communication and attention 
switching abilities in ASD, while aberrations in left amygdala−cortical tracts were 
associated with poor imagination skills and reduced ability to recognise and label 
emotional facial expressions. Hemispheric specificity has been reported for the 
volume [180][182][186], and functional activation [108][336] of the amygdala in 
ASD, and for the microstructure of adjacent white matter in ASD 
[237][235][340][341]. The results of this study showed that the microstructure of both 
left- and right-hemisphere amygdala−cortical connections is associated with wider 
aspects of the autistic phenotype, but that deficits in left amygdala connections are 
associated with some more specific ASD-related cognitive processes. This is 
consistent with evidence that the left amygdala interprets physiological arousal 
arising from specific stimuli, while the right amygdala mediates non-specific, 
automatic activations in response to stimuli [357]. Distinct, yet corresponding roles 
for the left and right amygdalae have been reported in women with Turner 
syndrome [358], a condition associated with increased incidence of ASD [359] and 
elevated amygdala volume [360]. Our results, along with previous evidence, show 
that the amygdalae and their cortical connections are lateralized with regards to 
their structural connections and impact on ASD symptoms, and that amygdala sub-
regions have different cortical connectivity profiles and associations with ASD 
traits. This supports the rationale for independent investigation of amygdala sub-
regions in autism 
 
Following parcellation of the amygdala, it could be observed that white matter 
microstructure, as measured by FA, was altered in the ASD group for connections 
between the amygdala and insula cortex, and that this was associated with ASD 
trait severity across the entire study sample. The insula is highly connected to 
structures of the social brain, including the amygdala [361]. It is also claimed to be 
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the locus of self-awareness [362], an ability that is impaired in ASD. Microstructural 
white matter deficits in the insula lobe have been reported in ASD compared to 
controls [225][238]. However, in this study, the microstructure of white matter tracts 
connecting the amygdala and the insula cortex was only significantly correlated 
with ASD trait severity in the combined study sample, and not in the ASD group 
alone. This indicates that amygdala–insula connectivity is more associated with the 
wider spectrum of ASD traits than the microstructure of other amygdala cluster 
tracts, which were also significant in the ASD group alone, or that the greater 
statistical power afforded by the combined study sample enable the elucidation of 
smaller effects. The finding of reduced structural connectivity between the 
amygdala and the insula cortex aligns with the findings of functional studies in 
ASD: von dem Hagen et al. [339] report reduced resting functional connectivity 
between the amygdala and the insula, and Baron-Cohen et al. [108] showed reduced 
insula and amygdala activation in response to social stimuli. 
 
This study identified that microstructural impairments, as measured by FA and 
MD, in white matter linking the amygdala and temporal cortex are associated with 
communication, attention switching, and imagination difficulties in ASD. 
Associations between impairments in local amygdala-temporal cortex tracts and 
particular autistic behaviours are supported by previous research: Cheung et al. 
[217], found an association between temporal lobe FA and autism diagnostic 
interview (ADI)-social score, but not with any other sub-score of the ADI; Abdel 
Razek et al. [205] recently reported a correlation between increased diffusion in 
temporal lobe white matter and scores on the childhood autism rating scale. In 
healthy subjects, Iidaka et al. [297] identified an association between impaired 
imagination, as measured by the AQ, and elevated volume of white matter tracts 
connecting the amygdala and the superior temporal sulcus. In a review of animal 
and clinical studies, Bachevalier [363] emphasised the importance of temporal lobe 
structures in the clinical features of ASD. Taken together our results suggest that 
larger, but less microstructurally ‘coherent’ white matter tracts connecting the 
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amygdala with local structures are associated with particular autistic characteristics, 
across the spectrum from healthy individuals through to those clinically diagnosed 
with ASD — a finding that is supported by my previous work using tract-based 
spatial statistics [317] (described in Chapter 5). This indicates that temporal lobe 
structures, and their discourse with one another via white matter tracts, are of 
principal importance in the generation and/or maintenance of the autism phenotype 
In contrast, Noriuchi et al. [237] did not observe a significant relationship between 
amygdala-related white matter tract characteristics and the social responsiveness 
scale observed; however that study sample was smaller than reported here, 
indicating that there was a lack of power to identify the effect. 
 
Deficits in communication, attention switching, and the perception of emotional 
stimuli in ASD were associated with compromise of white matter tracts, as 
measured by FA and MD, linking the amygdala to the parietal cortex, an area that 
integrates sensory information and mediates motor responses [364]. Microstructural 
anomalies in parietal lobe white matter tracts have been reported in prior studies of 
ASD [294][232][215]. Kana et al. [294] identified a correspondence between ASD-
related processing deficits and aberrations in parietal lobe white matter. In 
functional studies of ASD, Green et al. [336] reported hyperactivation of primary 
sensory cortex and the amygdala in response to social stimuli; in addition, Baron-
Cohen et al. [108] identified reduced functional activation of the inferior parietal 
lobule and temporal lobe structures, including the amygdala, in response to 
emotions. Collectively our work indicates that amygdala−parietal connections are 
aberrant in ASD, and that the extent of these anomalies is associated with symptom 
severity. No significant correlations between amygdala–parietal white matter tract 
microstructure and ASD symptom severity, as measured by the AQ, were identified 
in the combined study sample, which indicates that amgydala–parietal connectivity 
is more associated with clinically-significant ASD symptoms than the wider 
spectrum of sub-clinical ASD traits. 
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This study has some limitations. The occipital cortex was not represented in the 
amygdala parcellation results. This does not mean that these connections are not 
present, rather that each amygdala voxel maximally connected to another cortical 
target or that the number of subjects with ‘winning’ occipital connections was below 
threshold. Connection probability decreases with distance; to limit the effects of this 
a high number of streamlines were seeded and DTI values were averaged over the 
tracts. The low resolution of MRI scans relative to actual white matter tract 
dimensions may cause partial volume effects, and the directionality of white matter 
connections cannot be determined using tractography; post-mortem or tracer 
studies would be necessary. Errors may be introduced during registration and 
segmentation, although this was mitigated by visual assessment. It is not possible to 
infer causality using correlation analyses. Some correlation results did not survive 
multiple comparisons correction. This may be ameliorated by a larger sample size; 
however, some correlation results did survive correction in this study sample. 
 
Future studies could reduce the number of statistical tests by restricting hypotheses 
to those connections that this study has identified as pertinent. Investigation of the 
functional connectivity of each of the amygdala sub-regions identified in this study 
would further understanding of the complex interface between brain structure and 
function. This study indicates that amygdala connectivity has potential as a 
biomarker of severity in different domains of ASD, which could be used to inform 
patient assessment and response to intervention; larger, longitudinal cohorts would 
be needed to support this. The parcellation method could also be applied to 
investigate the connectivity of other brain regions known to be important in autism, 
such as the orbitofrontal cortex. 
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6.5 Conclusion 
In conclusion, the findings of this study indicate that amygdala connections are 
structurally compromised in ASD, and that microstructural aberration in different 
amygdala−cortical white matter tracts, notably those with insula, parietal, and 
temporal cortices, are associated with particular ASD-related impairments. 
Associations were trait-, hemisphere-, and region-specific. Results suggest that the 
amygdala is ‘wired’ differently in autism, and that the microstructure of particular 
amygdala−cortical connections is associated with different aspects of the autistic 
phenotype. This study advances understanding of the neurological underpinnings 
of autistic behaviours, and has implications for further studies of amygdala 
connectivity; suggesting that richer information can be gleaned by investigating 
amygdala sub-regions independently. The results provide evidence that amygdala 
sub-region connectivity could be used to measure the brain’s response to therapies 
aimed at ameliorating particular autistic behaviours. 
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Chapter 7 Structural Networks in Autism Spectrum Disorder 
 
The analysis described in this chapter considers the network of structural 
connections present in the brain in ASD, and analyses them using graph theory. 
Jonathan Clayden and Fani Deligianni (both from the Developmental Imaging and 
Biophysics Section, UCL Institute of Child Health) developed the code used in this 
analysis, and provided valuable advice on its usage. 
 
7.1 Introduction 
ASD is a neurodevelopmental condition, and it has been proposed that atypical 
brain development in ASD is characterised by disconnection (for more details see 
Section 1.3). Brain disconnection, in the structural sense, can take many forms: 
including reduced speed of information transfer (perhaps as a result of synaptic 
dysfunction), a reduction in the number of connections, surplus unnecessary 
connections (that may result from deficient synaptic pruning), connections that do 
not co-operate with one another, or a lack of efficiency as a result of nerve impulses 
taking a tortuous path to their destination. There is evidence for synaptic 
dysfunction [88] and a lack of dendritic pruning in ASD [87], in addition to the 
studies that have reported reduced ‘coherence’ in the microstructure of white matter 
in ASD, as measured using diffusion-weighted imaging – a body of work that the 
studies presented in this thesis expand upon. 
 
Relatively few studies have investigated the efficiency of information transfer 
within the brain network in ASD. Graph theory is a branch of mathematics used to 
delineate and analyse graphs (see reviews [365][366]). In mathematical terms, a 
graph is a representation of a series of nodes (or vertices) and their interconnecting 
edges, as shown in Figure 49. 
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Figure 49 A basic graph with five nodes and six edges. 
 
The complex network of structural connections in the brain can be considered as a 
graph, with grey matter regions forming the nodes of the graph, and the white 
matter tracts the edges that connect the nodes. These graphs can be binary (two 
nodes are either connected by an edge or not) or weighted (an edge that represents a 
‘stronger’ connection, typically measured as a greater number of streamlines or a 
higher FA, receives greater weight, or importance, in the graph). Graphs can 
theoretically be directed (i.e. an edge travels to or from a node), although diffusion-
weighted tractography cannot provide directional information so structural graphs 
obtained using diffusion-weighted imaging are always undirected. 
 
Once the graph has been generated, graph theoretical analysis techniques can be 
applied in order to measure the properties of the graph. Common graph properties 
include [367][365]: clustering coefficient – a measure of connection density between 
neighbouring nodes (i.e. how connected the immediate neighbours of a node are to 
one another); characteristic path length – the average number of steps connecting 
one node to another in the network; small worldness – the ratio between normalised 
clustering coefficient and normalised characteristic path length (a small-world 
network has high levels of clustering and short characteristic path lengths); local 
efficiency – the efficiency, as measured by the inverse of the path length, of 
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connectivity for a given node (this is repeated for all of the nodes’ subnetworks to 
obtain the local efficiency of the network); and global efficiency – efficiency across 
the entire network. Healthy brains typically have communities of nodes that are 
highly connected. 
 
Graph analysis methods can therefore provide a wealth of information regarding 
network arrangement, or topology, connectedness, and efficiency. Very recently 
graph analysis techniques have been used to investigate the properties of structural 
networks in ASD. Some results indicate that structural networks are less connected 
and less efficient in ASD, as measured by reductions in global efficiency and global 
clustering coefficient in children with ASD [289]. Reduced network efficiency in 
ASD is supported by a study in young children; those at high risk and diagnosed 
with ASD showed reduced local and global efficiency in temporal, parietal, and 
occipital lobes in comparison with high-risk children who had not received a 
diagnosis of ASD and low-risk infants. Symptom severity in the high-risk infants 
was associated with reduced network efficiency [283]. Further graph theoretical 
analyses have indicated that brains are more connected in ASD, particularly for 
local networks, as shown by elevated clustering coefficient and reduced path 
lengths in children with ASD [290] and increased connectivity in rich clubs – 
interconnected hub regions – as measured by a connectedness coefficient [291]. 
Taken together these studies indicate that ASD brains are less efficient, but more 
connected at a local level. This is indicative of disconnection as a result of surplus, 
maladapted white matter tracts or synapses as opposed to a lack of connectivity per 
se. In contrast, an investigation of children and adolescents did not identify any 
significant differences in graph metrics between ASD and control groups; although 
alterations in white matter integrity, as measured by elevated FA and reduced MD, 
were observed in the ASD group [292]. This is suggestive of variability, the effect of 
age on results, and/or that white matter can be microstructurally compromised in 
ASD, with relative sparing of its topology at the network level. 
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Some graph theoretical analyses have been performed on particular networks in 
ASD. Support for the hypothesis that macrocephaly is associated with disorganised 
brain connectivity in ASD was published by Lewis et al., who reported reduced 
local and global efficiency in adults with ASD, and associations between increased 
intracranial volume and reductions in local and global efficiency [293]. In 
examinations of language networks in ASD, significantly reduced local clustering 
coefficient and betweenness centrality – a proxy for the importance of a node, as 
measured by the number of shortest paths that pass through it – were observed in 
Wernicke’s area, in addition to reduced local clustering coefficient in Broca’s area 
[289]. This suggests that brain regions important for language are less connected in 
ASD. Surprisingly, Li et al. [290] demonstrated an association between greater oral 
language ability and stronger local connectivity in ASD, which was contrary to the 
opposite relationship (i.e. stronger local connectivity was associated with poorer 
oral language skills) in neurotypical controls. 
 
The aim of this study was to further investigate the properties of the structural brain 
network in ASD using graph theory in order to clarify prior findings of reduced 
efficiency and hyperconnectivity in ASD. Graph theoretical methods enable the 
estimation of both local and global graph properties, and provide a more detailed 
description of the structural connections (or connectome) of the brain than voxel-
wise methods such as TBSS. The relationship between network properties and ASD 
traits has been relatively under-explored by previous studies, and is therefore a key 
aim of this work; associations between graph metrics and ASD symptoms, as 
measured by the AQ and performance on an emotion recognition task, the ‘reading 
the mind in the eyes’, will be carried out. 
 
As outlined in Section 1.2.3.1, the limbic system consists of interconnected brain 
regions that are associated with emotional responses and behaviours [368]; such as 
the insula, which is involved in the processing of emotions and sensory-motor 
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actions [369][370] and the hippocampus, which is responsible for long-term memory 
and spatial navigation [371][372]. Certain white matter tracts, including the 
cingulum, the inferior longitudinal fasciculus, the arcuate fasciculus, and the fornix, 
form the network of limbic connections [320][85]. Studies of the limbic system have 
identified both structural [261][265][197] and functional [373][197] variation in ASD. 
However, relatively little is understood regarding the properties of the limbic 
network as a whole, and its role in ASD; consequently, a further aim of this study 
was to isolate the limbic sub-network and compare its features in neurotypical 
controls and individuals with ASD. Further analysis of the limbic system in ASD 
will provide a greater understanding of the role that this sub-network plays in ASD 
traits, and the use of graph theory techniques will advance identification of the 
properties of this network in ASD. 
 
To summarise, the brain’s white matter tracts form a network of physical 
connections between functional brain regions. This structural network can be 
analysed using graph theory, which assesses both network topology and efficiency. 
It is thought that ASD arises as a result of disconnection in the brain, and graph 
theoretical approaches provide a means of investigating the nature of this 
disconnection. Recent graph theory-based analyses in ASD have reported reduced 
efficiency, but over-connectivity in ASD. Additional work is needed to further 
catalogue structural disconnection in the ASD brain, and to ascertain the 
relationship between the brain’s network of white matter connections and autistic 
traits. 
 
7.2 Methods 
7.2.1 Participants 
Twenty-five high-functioning young adults with autism and 26 age-matched 
neurotypical controls were recruited locally, as outlined in Chapter 4. Two-tailed t-
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tests were used to compare demographic measures between groups, and the results 
are shown in Chapter 5. 
 
7.2.2 Data acquisition and pre-processing 
Data acquisition and pre-processing proceeded as described in Chapter 4, and FSL’s 
BEDPOSTX was applied as per Chapter 6. 
 
7.2.3 Region of interest segmentation 
Within each participant’s T1-weighted scan, subcortical structures – including the 
nucleus accumbens, caudate, putamen, pallidum, thalamus, hippocampus and 
amygdala – were segmented using FIRST, and cortical grey matter was segmented 
into 68 regions of interest using FreeSurfer; both methods are described in Chapter 
4. The regions of interest generated from FIRST and FreeSurfer were imported into 
TractoR and merged together to create a single mask. 
 
7.2.4 Generating structural networks 
TractoR version 2.5.2’s graph analysis package (http://www.tractor-
mri.org.uk/connectivity-graphs) was used to generate structural graphs from each 
participants’ diffusion-weighted data. Briefly, probabilistic tractography was carried 
out across the whole brain, with one streamline seeded for every voxel with an FA 
value ≥0.2 in order to confine tracking to voxels that were more likely to contain 
white matter than grey matter or cerebrospinal fluid. Seeds were jittered to ensure 
that they appeared at random locations within each voxel, thus ensuring that the 
sampling strategy was unbiased. The regions of interest on the mask of combined 
FIRST and FreeSurfer outputs were non-linearly registered to diffusion space and 
were used as the tractography targets. Each streamline terminated once it reached a 
target, and the resulting set of streamlines was used to build an undirected graph 
for each participant. 
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7.2.5 Generating limbic sub-networks 
Thirty limbic nodes were identified from the FIRST and FreeSurfer parcellations, 
and consisted of the bilateral amygdala, hippocampus, insula, caudal anterior 
cingulate cortex, entorhinal cortex, fusiform gyrus, inferior temporal gyrus, 
cingulate gyrus (isthmus), lateral orbitofrontal cortex, medial orbitofrontal gyrus, 
parahippocampal gyrus, inferior frontal gyrus (pars orbitalis), posterior cingulate 
gyrus, rostral anterior cingulate cortex, and temporal pole. Limbic sub-networks 
comprising of these nodes were generated from the whole brain network in each 
participant by selecting the nodes of interest, and isolating out the edges that 
connected them. 
 
7.2.6 Measuring graph properties 
Whole brain and limbic graphs were visually checked for processing errors in 
TractoR. The edges in each graph were weighted by the visitation count (i.e. the 
number of streamlines in the edge divided by the average volume of the two nodes 
that the edge connects), in order to provide a representation of the ‘strength’ of each 
connection in the visualisation of the graph. 
 
Both whole brain and limbic graph properties were calculated using the graph-
props command in TractoR, which calls on the igraph package (http://igraph.org/r/). 
A threshold of ≥1 streamline was applied before binarising the graph so that edges 
above the threshold were included on the graph as ‘connected’ and those edges 
below the threshold were removed as ‘not connected’. Binarising at this stage means 
that the measured graph metrics were obtained from an unweighted graph and thus 
the graph properties are easier to estimate and compare between subjects; 
thresholding prior to binarisation removes spurious connections from the graph. 
The graph metrics edge density (i.e. the number of edges in the graph), mean 
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shortest path (Figure 50), mean local efficiency, global efficiency (Figure 50), mean 
clustering coefficient (Figure 51) and small worldness (Figure 51) were then 
calculated. Group differences in each metric were calculated using linear regression, 
with age, sex, and full-scale IQ as covariates. FDR multiple comparisons correction 
was applied to the results. 
 
Figure 50 Shortest path, efficiency, and clustering coefficient, as represented 
by two networks with 10 nodes and 15 edges. 
a) has high path lengths, and thus has low network efficiency. b) has shorter path 
lengths and higher efficiency. 
 
Figure 51 Small worldness, as demonstrated by three networks with 10 nodes 
and 15 edges. 
a) An ordered network, with high characteristic path lengths and high clustering 
coefficients b) a small world network, with low characteristic path lengths and 
high clustering coefficients c) a random network, with low characteristic path 
lengths and low clustering coefficients. 
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7.2.7 Measuring average FA and MD in each graph 
Separately, the tractography results were used to generate whole brain and limbic 
graphs weighted using FA and MD instead of number of streamlines. Average FA 
and MD values were calculated for each graph by taking a weighted average of the 
FA and MD for each set of streamlines that passed through a node and reached 
another node. This average value for each node was then averaged across all nodes. 
Using weighted values meant that those voxels with a greater number of 
streamlines were afforded greater weight in the final estimation. Average whole 
brain and limbic network FA and MD values were compared between groups using 
linear regression, with age, sex, and full-scale IQ as covariates. 
 
7.2.8 Associations with ASD symptoms 
In the ASD group, associations between ASD symptom severity, as measured by the 
AQ and ‘reading the mind in the eyes’ emotion recognition task, and graph metrics, 
average FA and average MD were investigated. Scores in the AQ sub-categories – 
social, communication, attention to detail, attention switching, and imagination – 
were considered separately. Partial correlation was used, with age, sex, and full-
scale IQ as covariates. FDR multiple comparisons correction was applied to analyses 
of associations with AQ subsets, since these involved a high number of tests. 
 
7.2.9 Identifying connections of interest 
In an exploratory analysis, the edges that were most significantly and most often 
different between the ASD and control groups in terms of number of streamlines, 
FA, and MD were identified from the whole brain networks using the flip package 
for permutation analysis in R (https://cran.r-
project.org/web/packages/flip/index.html). Methods such as principal component 
analysis (PCA) and principal networks [374] are often used in the identification of 
important connections; however a trial analysis using principal networks identified 
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strong self-connections in some nodes that occupied the majority of the principal 
networks. These intra-nodal connections are interesting to note, but it was felt that 
these methods masked inter-nodal connections of interest within sub-networks. 
Permutation testing using 1000 permutations was therefore selected because it does 
not assume independent tests and iterates the question ‘are there significant 
differences between the groups for each edge, and what is the likelihood that this 
has occurred by chance?’ over many repeats – thus strengthening the validity of the 
results. Age, sex, full-scale IQ, and whole brain volume were included as covariates 
in the permutation model. Family-wise error (FWE) multiple comparisons 
correction was applied. 
 
7.3 Results 
7.3.1 Graphs of the whole brain structural network 
Graphs of whole brain structural connections were generated in each participant 
using cortical and sub-cortical grey matter regions of interest as the nodes and white 
matter connections, as generated using tractography, as the edges. Figure 52 shows 
an example of one participant’s whole brain connectivity matrix, which indexes 
each of the edges in the graph, whilst Figure 53 shows the graph overlaid on the 
participant’s brain in three-dimensional space. 
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Figure 52 Symmetrical connectivity matrix showing the structural 
connections within the whole brain of a representative subject. 
Each brain region, or node, is listed along the x and y axes, and thus occupies both 
a row and a column. The edges connecting each node are represented in the 
central squares of the matrix, with the connection strength of each edge ranging 
from 0 to 5 – higher values indicate a greater number of streamlines connecting 
each region (as a ratio of region volume). Self-connections are at the maximum, 
and can be seen along the diagonal. 
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Figure 53 Graphical depiction of a representative participant’s whole brain 
structural network overlaid on a surface image of their brain. 
The nodes of the graph are shown as numbers within a circle, and represent brain 
regions. The red lines connecting pairs of nodes are the edges of the graph. As in 
Figure 51, the shade of each edge represents the number of streamlines 
contributing to the connection, with darker shades indicative of greater 
connectivity and thus greater weight in the final graph, and paler hues showing 
edges with fewer streamlines, and thus less weight in the final graph. 
 
There were no significant differences between ASD and control groups in the graph 
metrics edge density, mean shortest path, mean clustering coefficient, mean local 
efficiency, global efficiency, and small worldness. In the ASD group, there were no 
significant correlations with the AQ or the ‘reading the mind in the eyes’ emotion 
recognition task. 
 
Average FA across the whole brain network was significantly lower in the ASD 
group compared to the controls (t=-2.14; p=0.04 [no need to correct for multiple 
comparisons]). In the ASD group average FA across the whole network was 
positively associated with emotion recognition score, as measured by the ‘reading 
the mind in the eyes’ task (rho=0.51; p=0.009 [no need to correct for multiple 
comparisons]). There were no significant associations between average network FA 
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and the AQ. There were also no significant results when looking at average MD 
over the whole brain network. 
 
7.3.2 Graphs of the limbic network 
Limbic sub-networks were generated in each participant, and an example can be 
seen in Figure 54. 
 
 
Figure 54 Graphical depiction of a representative participant’s limbic 
structural network overlaid on a surface image of their brain. 
The nodes of the graph (the circled numbers), represent limbic brain regions and 
the edges (red lines) show the connections between pairs of nodes. As before, the 
shade of each edge represents the number of streamlines contributing to the 
connection, with darker shades indicating greater connectivity and thus greater 
weight in the graph, and paler edges representing connections with fewer 
streamlines, and thus less weight in the graph. 
 
Mean shortest path in the limbic network was reduced in the ASD group compared 
to neurotypical controls (t=-2.08; p=0.04; does not survive FDR correction). No other 
significant group differences were detected. Within the ASD group, there were no 
significant correlations between limbic graph metrics and emotion recognition 
score, as measured by the ‘reading the mind in the eyes’ task. Mean clustering 
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coefficient (rho=0.43; p=0.03; does not survive FDR correction) and mean local 
efficiency (rho=0.40; p=0.05; does not survive FDR correction) were positively 
correlated with AQ imagination score. 
 
In the ASD group, average FA in the limbic network was positively correlated with 
emotion recognition score (rho=0.47; p=0.02 [no need for multiple comparisons 
correction]). There were no significant results for the association between limbic 
network FA and the AQ, and no significant results for any tests involving average 
MD across the limbic network. 
 
7.3.3 Connections of interest 
In an exploratory analysis, permutation testing was applied to the whole brain 
networks in order to identify those edges that were most significantly different 
between the groups. No results survived FWE multiple comparisons correction. 
However, less conservative correction using a cut-off of p≤0.005 (uncorrected) in 
place of the typical p≤0.05 (corrected) identified several connections that were most 
significantly different between the ASD and control groups. These are listed in for 
number of streamlines (Table 8), average FA (Table 9), and average MD (Table 10). 
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 Edges that were significantly different between the ASD and Table 8
control groups at p≤0.005, following permutation analysis of whole brain 
networks generated using number of streamlines. 
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 Significant connections at p≤0.005 following permutation Table 9
analysis of whole brain networks generated using FA. 
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 Significant connections at p≤0.005 following permutation Table 10
analysis of whole brain networks generated using MD. 
 
7.4 Discussion 
The structural network of the brain was identified and analysed using graph theory. 
No significant differences in whole brain networks were identified between ASD 
and control groups for the graph metrics investigated – edge density, mean shortest 
path, mean clustering coefficient, mean local efficiency, global efficiency, and small 
worldness – and there were no significant correlations with behavioural measures 
within the ASD group. There were some significant group difference and 
correlation results when looking at graph metrics from limbic networks, but these 
did not survive correction for multiple comparisons. Average FA across the whole 
brain and limbic networks was reduced in ASD compared to neurotypical controls, 
and lower FA was correlated with poorer emotion recognition ability within the 
ASD group. An exploratory permutation analysis identified those edges in which 
alterations in the number of streamlines, FA, and MD from the whole brain network 
were most associated with ASD. 
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The lack of significant findings for the graph analysis was unexpected in the light of 
significant findings from previous studies, which identified reduced local and 
global efficiency [289][293][283], and reduced clustering coefficient and betweenness 
centrality [289] of structural networks in ASD. Conversely, elevated clustering 
coefficient and reduced path length [290], and increased connectivity within rich 
clubs [291] have also been identified in ASD structural networks. These findings 
indicate that the structural brain network is less efficient in ASD, but that there is 
some heterogeneity regarding local connectivity, with some studies indicating 
elevated and others reduced clustering of nodes in ASD. However, the lack of 
significant findings in the study reported in this Chapter is in agreement with those 
of Rudie et al. [292] who reported no significant group differences in graph 
measures in spite of microstructural differences in the ASD network. 
 
The discrepancies in the results of graph theory-based network analyses of ASD 
could arise from differences in the methods used to generate the structural graph. 
For example, two studies use the AAL mask in order to generate graphs consisting 
of 90 nodes [293][283], The FreeSurfer Destrieux atlas was used to generate 192 
nodes in one study [289] whilst other studies generated graphs with 46 nodes [290], 
and 200 [291] and 264 equally-sized nodes [292], respectively. In contrast, this study 
included 82 nodes, some of which were subcortical. Further, weighted graph 
measures were obtained by some studies [293][283][290][291] in contrast to the 
binary metrics employed by this study and others [292][289]. In addition, one study 
used group-averaged graphs in place of individual graphs [291]. Another source of 
heterogeneity could occur as a result of differences in the demographics of each 
study cohort. For instance, this study investigated network properties in young 
adults, whilst the majority of prior structural graph theory analyses have 
investigated children. The only prior study of structural networks in adults [293] 
included a greater range of ages (19 – 51 years) than was investigated in the current 
study (18 – 33 years), and consisted of an entirely male cohort (this study included 
both males and females). 
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Reduced FA was identified across the whole brain network in the ASD group 
compared to controls, and reduced FA was associated with worse emotion 
recognition ability in the ASD group. This finding is in agreement with those of the 
TBSS study reported in Chapter 5 that identified widespread reductions in FA 
across the white matter tracts. This finding, combined with the null results when 
looking at graph theory metrics across the whole brain, signifies that the topology of 
the structural network is relatively unchanged in ASD, but that its microstructural 
quality is compromised; a similar finding to that reported by Rudie et al. [292]. This 
is suggestive that the ASD brain suffers from disconnection as a result of reduced 
information transfer, as opposed to the tortuous pathways and inefficient synaptic 
pruning that have been hypothesised; however, it is important to note that the 
graph theoretical findings from several other prior studies have indicated the 
presence of reduced network efficiency in ASD. Therefore, the picture is more 
complicated – perhaps an over-abundance of synapses confer reduced network 
efficiency in children with ASD compared to controls, followed by greater 
topological similarity between ASD and controls in adults. This hypothetical pattern 
would mirror the trajectory observed for whole brain volumes in ASD [173][174] 
(see Section 3.1 for more detail), and warrants further investigation. 
 
The work presented in this Chapter extends that of previous studies by the 
inclusion of subcortical structures and investigation of the limbic network, which is 
known to be involved in the processing of emotion [368][84]. The results of the 
limbic analysis did not survive correction for multiple comparisons, but suggested 
that path length is reduced in ASD compared to controls, and that greater 
imagination deficits, as measured by the AQ, are associated with increases in mean 
clustering coefficient and local efficiency. These findings suggest that the limbic 
network in ASD is characterised by greater local interconnectedness, and that more 
severe ASD-related imagination deficits are associated with increased density of 
connections with neighbouring limbic nodes and, contrary to expectations, 
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increased efficiency of these limbic connections. Local efficiency is the inverse of the 
path length, so by graph theoretical standards a shorter neural pathway equates to 
greater efficiency. However, when coupled with the finding of microstructural 
deficits in the edges of the network, as measured by reduced FA, the results suggest 
that the limbic network has greater structural connections, but that these 
connections are themselves less structurally intact. One could hypothesise from this 
finding that increased local limbic connectivity may develop in the autistic subjects 
during development as a result of difficulties in information transfer arising from 
microstructural deficits in the white matter. However this is merely conjecture; the 
limbic network results did not survive correction for multiple comparisons and thus 
any interpretation must proceed with caution, but they do suggest interesting lines 
of enquiry for future studies. 
 
No significant group differences in MD were identified for whole brain or limbic 
networks. This is in contrast to the results of the TBSS analysis in the same cohort 
(see Chapter 5), which showed widespread regions of elevated MD in ASD. The 
discrepancy in this result is likely to arise from the differences in the methodology 
applied: TBSS restricts the analysis to the centre of the white matter tracts, as 
identified by high FA values, whilst the probabilistic tractography that forms the 
basis of network generation incorporates a greater proportion of the white matter 
tracts, and can therefore result in different readings for microstructural properties. It 
may be that FA is more robust to these methodological changes than MD within this 
cohort, perhaps due to the use of FA as the selector for the TBSS skeleton, or that FA 
is significantly altered over a greater proportion of the ASD white matter than MD, 
which would suggest that the directionality of water diffusion is more altered in 
ASD than the total amount of diffusion. 
 
The results of the exploratory permutation testing in the whole brain network did 
not survive multiple comparisons correction. However, findings using a less 
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stringent correction scheme indicated that a greater number of edges are associated 
with ASD-related differences in FA than for MD and number of streamlines. 
Alterations in the microstructure of interhemispheric connections, and 
intrahemispheric connections linking the frontal, parietal, and temporal lobes were 
most associated with ASD. This suggests that white matter tracts involved in the 
processing of emotional stimuli (associated with the temporal lobe), sensory stimuli 
(parietal lobe), and overall decision-making and control functions (frontal lobe) are 
most structurally affected in ASD. These findings are consistent with prior studies 
of the microstructure of interhemispheric white matter tracts, such as the corpus 
callosum [250][257], and tracts that connect temporal, parietal, and frontal lobe 
structures, such as the cingulum, uncinate fasciculus, and inferior fronto-occipital 
fasciculus [230][273][208]. Many of the connections highlighted by the permutation 
analysis can be traced to the limbic network, which further supports its association 
with ASD. 
 
A limitation of this study is that tractography can only estimate the true path of 
white matter tracts within the brain because it is predicated on the diffusion of 
water rather than direct measurement of the white matter itself. Another limitation 
is the relatively poor resolution of imaging in comparison to tract size. A further 
limitation is distance – longer connections are less likely to be represented in the 
network than shorter ones due to their reduced probability and dense tract systems 
that must be traversed [375][376]. Some of the results did not survive correction for 
multiple comparisons; further studies in larger sample sizes may enable clearer 
elucidation of small effects. Future work could more closely examine the limbic 
network in ASD, and study how the properties of structural brain networks relate to 
those of functional networks, which have been shown to differ in ASD 
[291][292][377]. 
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7.5 Conclusion 
In summary, the network of structural connections in the brain can be considered as 
a whole and analysed using graph theory, which assesses the topological 
characteristics of the edges (white matter tracts) and nodes (brain regions) of the 
network. Results indicate that the overall topology of the whole brain network in 
young adults with ASD is similar to that of neurotypical controls, but that the 
connectome is microstructurally compromised and this microstructural deficit is 
associated with poorer emotion recognition. There is a suggestion of enhanced local 
connectivity of the limbic network in ASD, which is associated with imagination 
impairments. Post-hoc analysis indicates that reduced microstructural coherence in 
a wide array of interhemispheric, frontal, parietal, and temporal connections are 
associated with ASD. Further work investigating the properties of the limbic 
network in ASD, the impact of methodology and participant demographics, such as 
age, on results, and associations between structural networks and functional 
connectivity within the brain would be beneficial. 
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Chapter 8 White Matter Microstructure Comparison in Males 
and Females with Autism, and in Unaffected Siblings 
 
The work reported in this chapter was carried out during a three-month placement 
in the Yale Child Neuroscience Lab at the Child Study Center, Yale University, USA, 
under the supervision of Dr Roger Jou and Professor Kevin Pelphrey. The 
placement was awarded and funded by the Yale-UCL Collaborative. 
 
8.1 Introduction 
The studies reported in prior chapters of this thesis are based on investigation of a 
cohort of young adults with ASD. Since ASD is a neurodevelopmental condition, 
the majority of research has focused on investigation of the biology and behaviour 
of children and adolescents as they develop. The exchange visit to Yale afforded me 
a valuable opportunity to investigate white matter microstructure in a cohort of 
children and young adolescents, and thus to compare and contrast the findings of 
this study with those reported in adults in Chapter 5. Prior DTI findings in children 
with ASD are heterogeneous (see Section 3.2 for more details) but, in general, voxel-
based methods have reported reduced FA and elevated MD in children and 
adolescents with ASD in comparison with controls [223][236][229][226][235][233]. 
An aim of this study was to see whether the prior findings of reduced FA and 
elevated MD in children and adolescents with ASD could be replicated in this 
cohort. 
 
ASD is more common in males than females, with a male:female ratio of 4:1 
typically reported [28], though ratios of up to 8:1 have been identified by the WHO 
[7]. There are several theories regarding the higher incidence of ASD in males (see 
Section 1.3 for more details), and it is likely that the discrepancy in ASD incidence 
between the sexes may be due to a combination of factors, including: a) differences 
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in the ASD phenotype i.e. the number and/or type of behavioural features [378]; b) 
inherent sex differences in regions of the genome that are associated with genetic 
vulnerability to ASD, such as XX in females vs XY in males; c) different exposure to 
hormones – for example increased testosterone in males [379]; d) a conceptualisation 
of autism that is skewed towards the typical male phenotype, leading to inadequate 
expertise in ASD diagnosis in females and reduced ability of diagnostic tools to 
capture cases; e) social support structures making it easier to ‘mask’ cases in 
females; f) inherent differences in brain structure and function in the sexes, which 
reduce vulnerability to ASD in females. 
 
The last putative factor listed above – that of sex-based differences in brain structure 
and function that make males more susceptible to ASD – has been expressed in the 
‘extreme male brain’ theory by Baron-Cohen [29]. As outlined in Section 1.3.9, the 
‘extreme male brain’ theory proposes that ASD occurs as a result of overly ‘male’ 
brain features that are associated with extreme ‘male’ behaviours, which are 
characterised as an heightened propensity for systematising and a reduced 
predisposition for empathy [380][126]. This hypothesis implies that females with 
ASD have brains and behavioural characteristics that are more similar to males than 
to typical females, which suggests that females with a diagnosis of ASD have 
experienced more severe neurodevelopmental aberrations than males diagnosed 
with ASD. In 2005 Baron-Cohen et al. reviewed evidence for the neurological basis 
of the extreme male brain in ASD [380], identifying larger whole brain and 
amygdala volumes and contrastingly reduced corpus callosum and internal capsule 
volumes in typical males compared to females that were more pronounced in ASD. 
A more recent, relatively large-scale, VBM study reported evidence for an ‘extreme 
male brain’ in ASD, as shown by sex-based grey and white matter differences in 
ASD compared to controls that overlapped with typically sexually dimorphic brain 
regions in the females, but not the males [285]. This suggests that in females with 
ASD, greater aberrations occur in brain regions that are typically associated with 
sex-based differences. Bloss and Courchesne [381] published evidence for sex-
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specific brain volume differences in ASD that were associated with age in females, 
but not in males; thus hypothesising that the trajectory of aberrant brain 
development in ASD differs between the sexes. A longitudinal study reported 
anomalies in the trajectory of brain growth in more regions in females with ASD 
than autistic males [176]. Conversely, no significant sex differences in corpus 
callosum volume were identified in a study of adults with ASD [382], thus 
indicating that sex-specific brain volume effects may not always be observed in 
ASD, or that they depend upon factors such as the white matter tract of interest or 
participant age. 
 
In terms of white matter microstructure, Beacher et al. [286] reported sex effects on 
FA in certain white matter tracts, including the corpus callosum, which indicated 
that the typical pattern of sexual dimorphism in these brain structures was lacking 
in ASD. Nordahl et al. [287] also reported sex-based differences in corpus callosum 
connectivity in ASD. In a study of children with ASD in comparison to healthy 
controls [245], a group difference in FA was observed; when grouped by sex, the 
result remained the same in the boys, but was not present for the girls which, 
conversely to the majority of the volumetric evidence, suggests that girls with ASD 
have more similar microstructure to controls of their own sex than is the case for 
boys. In a study of healthy adults [383], in females FA in the white matter 
underlying the inferior parietal lobule and the superior temporal gyrus positively 
associated with empathy, as measured by the empathising quotient (EQ), and FA of 
the occipital and postcentral gyrae negatively correlated with systematising, as 
measured by the systematising quotient (SQ); the associations were reversed in 
males. This signifies that the microstructure of the white matter in certain brain 
regions has sexually dimorphic associations with traits that are associated, at the 
extreme, with the presence of ASD. These studies provide evidence that biological 
sex has an effect on white matter microstructure in ASD, though there is 
heterogeneity with regards to the nature of this effect. Contrary to this, a TBSS study 
in adults with ASD did not identify any effect of biological sex [288]. There is, 
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therefore, a rationale for further clarification of the effect of biological sex on white 
matter microstructure in ASD, and also to investigate possible sex-based differences 
in the severity of ASD traits. 
 
Interestingly, biological sex also appears to affect the likelihood of siblings being 
diagnosed with ASD: a recent study reported increased risk of ASD symptoms in 
the siblings of females severely affected by ASD compared to siblings of similarly-
afflicted male probands [384]. This suggests that females with ASD have a greater 
etiological load than males, which in turn confers greater vulnerability to siblings, 
though genetic analysis would be needed to clarify this. The presence of an 
endophenotype of ASD-related cognitive and/or social difficulties has been 
described in both twin [37][38] and family studies [39]. An endophenotype of 
reduced social responsiveness has also been reported in families with at least one 
individual diagnosed with ASD [385]. Further, relatively large head sizes have been 
measured in un-affected family members of autistic probands [65][66][67], 
suggesting that familial brain structures are conserved, and may be related to ASD. 
 
In 2010, Barnea-Goraly et al. [223] published the first investigation of 
microstructural endophenotypes in the brains of unaffected siblings of ASD 
probands. Results showed significant microstructural aberrations, as measured by 
FA, in the white matter of the unaffected siblings in comparison to neurotypical 
controls, in addition to even more widespread aberrations in the ASD group 
compared to controls. This suggests that there is a step-wise increase in abnormal 
white matter structure from controls, to unaffected siblings, and finally to ASD. A 
step-wise pattern of structural aberrations has also been reported in a study of 
network properties from low-risk infants, to high-risk infants (i.e. those with a 
sibling previously diagnosed with ASD) without ASD, through to high-risk infants 
with a diagnosis of ASD themselves [283]. Some of these microstructural changes 
are likely to be endophenotypic of ASD, and others form biomarkers of ASD. There 
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is evidence that endophenotypic changes in microstructure are related to the 
developmental trajectory: for example, Lisiecka et al. [284] reported a reduced 
association between age and λ2 in the right superior longitudinal fasciculus in ASD 
probands and their siblings compared to neurotyptical controls. A step-wise 
relationship has also been identified in a functional study of brain activation in 
response to biological motion: some unique – perhaps compensatory – brain 
activations were recorded in unaffected siblings in addition to some shared 
activations – potentially endophenotypic – that occurred in both the unaffected and 
affected siblings, and some ASD-specific responses [386]. Therefore, a second aim of 
this project was to examine white matter microstructure in unaffected siblings in 
order to identify endophenotypic or unique (perhaps compensatory) structural 
differences, in addition to investigating how these vulnerabilities relate to the 
presence or absence of ASD traits themselves. 
 
In summary, ASD is a neurodevelopmental condition so it is useful to assess white 
matter microstructure at each stage of the developmental process. Further, ASD 
disproportionately affects males and the reasons for this are unclear, though are 
likely to include a combination of genetic, biological, and societal factors. It has been 
proposed that male brains are more vulnerable to ASD, which suggests that females 
with ASD undergo greater neurodevelopmental assault than males in order to 
present with the same condition. One aim of this study was to investigate this 
hypothesis by assessing white matter microstructure in a cohort of males and 
females with ASD and measuring its association with different ASD symptoms. 
Furthermore, ASD is highly heritable and siblings of probands are at a greater risk 
of diagnosis than the general population. Vulnerabilities and/or endophenotypes of 
ASD are likely to occur in these families, so another aim of this study was to 
investigate white matter microstructure in unaffected siblings in order to further 
elucidate the nature of this association. 
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8.2 Methods 
8.2.1 Participant recruitment 
127 children and adolescents aged between 4 and 17 years of age were recruited to 
this study, consisting of 75 children diagnosed with ASD, 21 unaffected siblings of 
probands, and 31 neurotypical controls. Participants included both related proband 
and sibling pairs in addition to un-related siblings and probands. ASD diagnoses 
were confirmed based on clinical history, parent interview, and expert evaluation 
using the ADI or ADOS. Semi-structured interviews were conducted with control 
participants and/or their primary caregiver in order to rule out a family history of 
ASD or the presence of siblings with ASD. No participant had a history of 
neurological disease or neurological injury. The study was approved by the Yale 
University Human Investigations Committee, and informed consent was obtained 
from each participant’s parent or guardian, as well as the child’s verbal consent. 
 
8.2.2 Cognitive testing 
Full-scale IQ was measured using the DAS II [387]. Three participants were 
excluded due to missing IQ data, and 9 for IQ scores ≤70, which resulted in 115 
participants from the original 127 recruited to the study. The parent/guardian-
assessed social responsiveness scale (SRSp) [388] was administered in order to 
measure autistic traits across five sub-scales – awareness, cognition, communication, 
mannerisms, and motivation. Higher scores in the SRSp indicate a greater amount 
and severity of ASD behaviours in these categories. A benefit of the SRSp is that it is 
designed to assess autistic traits across the spectrum from individuals in the general 
population through to those individuals with a clinical diagnosis of ASD. 
 
8.2.3 MRI data acquisition and pre-processing 
Participants were given a practise session on a mock MRI scanner, and then 
completed the imaging protocol in one session. Whole-head MRI was conducted 
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using a 3T Siemens Magnetom Tim Trio (Siemens, Erlangen, Germany) scanner. T1-
weighted MRI was carried out using a sagitally-acquired MP-RAGE sequence with 
the following parameters: flip angle = 7°; TR = 2530ms; TE = 3.66ms; voxel size: 1mm 
isotropic; slices = 176. The scan lasted for 8 minutes. Additionally, three diffusion-
weighted images were acquired, each lasting 11 minutes, with 30 unique gradient 
directions (b=1000s/mm2) and five reference b=0 images. The diffusion imaging 
parameters were: TR = 6200ms; TE = 85ms; voxel size = 2.5mm isotropic; slices = 55. 
 
The diffusion-weighted scans were pre-processed with TractoR and FSL using the 
procedure described in Section 4.4.2. The scans were eddy-corrected as per the 
typical procedure, with the highest quality b=0 volume selected as the control for 
eddy correction. The process was then modified in order to average the three 
diffusion-weighted scans, thus ameliorating the effects of any motion artefacts, 
which are more apparent in MRI scans from children, and providing more 
representative, high-quality images. The modified procedure involved visually 
assessing each volume of the three eddy-corrected diffusion-weighted scans and 
noting down those volumes with significant motion artefacts – defined as blurring 
or signal drop out affecting the white matter. For an example, see Figure 55. 
 
 
Figure 55 An example of signal dropout in the diffusion-weighted scan 
following motion during the scan sequence. 
The signal dropout results in characteristic horizontal black lines across the 
resulting scan. 
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Each diffusion-weighted scan was then divided into its constituent volumes using 
FSL utilities, and those volumes deemed to have significant motion artefacts were 
removed prior to averaging the remaining scan volumes using FSL utilities. This 
process resulted in one average diffusion-weighted scan for each participant. On 
occasions in which all three versions of a scan volume was satisfactory, the average 
volume was generated from all three of the original volumes; where one scan 
volume was excluded due to motion artefact, the average volume was generated 
from the two remaining original scan volumes; in cases where two of the original 
scan volumes were excluded, the one remaining volume was passed straight to the 
final scan. In some cases all three versions of a volume were excluded, and thus 
could not be incorporated into the final scan. Since the scans were acquired using 30 
unique gradient directions, it was still possible to estimate the diffusion tensor with 
one direction missing (six unique gradient directions are the minimum required to 
estimate the most basic diffusion tensor [389]), though the greater the number of 
gradient directions, the more accurately the diffusion tensor can be estimated. In 
order to preserve accuracy, a threshold was applied, such that a participant was 
excluded from the study in the event that they had greater than seven volumes (and 
thus over seven gradient directions) excluded. This meant that 12 participants were 
excluded from the study due to inadequate DTI data, leaving a total of 103 
participants from the original 127 recruited (as mentioned above, a further 12 
participants were excluded due to missing or low IQ scores). 
 
Each of the final averaged diffusion-weighted images was visually assessed prior to 
pre-processing in the typical fashion using TractoR and FSL, as outlined in Section 
4.4.2. 
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8.2.4 Whole brain volume measurements 
The T1-weighted scans were visually assessed for motion artefacts and noise, and 8 
participants’ (2 ASD, 3 controls, and 3 unaffected siblings) T1-weighted data was 
excluded from the study. Some participants had more than one T1-weighted scan; in 
these cases the highest quality scan was used for the following analysis. SIENAX 
was used to estimate whole brain volume, as outlined in Section 4.4.1.1. 
 
8.2.5 Tract-based spatial statistics 
TBSS was run using a slightly amended version of the protocol reported in Chapter 
5 of this thesis. The mask used in the typical TBSS protocol was developed using 
adult reference scans and so was not applicable to the young participants in this 
study. In order to take this into account, the TBSS analysis stream was adjusted to 
select the most ‘typical’ scan as the registration target image, instead of the adult-
generated reference mask. Further, a typical threshold for the TBSS skeleton is 
FA=0.2 (as was used in the analysis in Chapter 5), but following visual assessment a 
higher threshold of FA=0.4 was selected for the TBSS skeleton in this study in order 
to ensure that each participant’s major tracts aligned well with the skeleton. This 
may be due to greater variation in the young cohort’s brains, which are still 
undergoing development. The remainder of the TBSS protocol continued as per the 
process described in Chapter 5 for FA, MD, AD, and RD. 
 
Group-wise comparisons of FA, MD, AD, and RD were carried out using the FSL 
tool randomise, which carries out permutation tests using a general linear model, 
for the following comparisons – a) ASD vs neurotypical controls; b) ASD vs 
unaffected siblings; c) unaffected siblings vs controls – all with age, sex, full-scale 
IQ, and whole brain volume as covariates. These four tests were then repeated 
separately in males and females (without biological sex as a covariate), in order to 
identify whether group comparisons differ between the sexes. All tests were 
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corrected for multiple comparisons using FWE and employed TFCE, as per the TBSS 
protocol. 
 
Significant voxels were identified using a skeletonised version of the John’s Hopkins 
University (JHU) ICBM-DTI-81 atlas, as described in Chapter 5. 
 
8.2.6 Averaging DTI measures within the TBSS skeleton 
FA, MD, AD, and RD values were averaged across the white matter skeleton in each 
of the participants, as per the protocol described in Section 5.2.2. These average 
values were used for the correlation analysis, described below. 
 
8.2.7 Correlations between DTI metrics and clinical scores 
Associations between white matter microstructure, as measured by FA, MD, AD, 
and RD, and ASD symptom severity, as measured by the SRSp subsets – awareness, 
cognition, communication, motivation, and mannerisms – were assessed via partial 
correlation using the DTI metrics averaged across the white matter skeleton, 
covarying for age, sex, full-scale IQ, and whole brain volume. Multiple comparisons 
correction was applied using FDR. The same correlations were also carried out 
within the TBSS protocol in order to establish which voxels were contributing to any 
association. 
 
SRSp scores were missing in 7 participants (7 ASD, 4 control, and 1 unaffected 
sibling), so these subjects were excluded from the correlation analyses. 
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8.3 Results 
8.3.1 Demographics 
Participant demographics following the exclusion of 12 participants for motion in 
the DTI data, 3 participants for low IQ scores, and 9 for missing IQ data are shown 
in Table 11. The unaffected sibling group was significantly older than the ASD 
group (p=0.009). This is not wholly unexpected since a sibling group is likely to 
contain participants that are either older or younger than their related probands. 
Race was significantly different between the ASD and control groups (p=0.003), 
which can be attributed to greater numbers of participants identifying as White or 
Multiple races and fewer identifying as Black or Asian in the ASD group compared 
to the controls. SRSp total scores were significantly higher in the ASD group 
compared to both controls and unaffected siblings (both p<0.0001), as expected. 
There were no significant differences in SRSp scores between the control and 
unaffected sibling groups (p=0.33), which indicates that the unaffected siblings do 
not experience a greater incidence of ASD traits than the typical population, and 
thus questions the concept of a wider autistic phenotype in the families of ASD 
probands [39][385]. All other metrics were not significantly different between the 
three groups. 
 
 Participant demographics and cognitive test scores. Table 11
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 1p-values are obtained from Chi-squared tests.2Data are expressed as mean 
(standard deviation) [range], and p-values are obtained from t-tests. For sex: M = 
male; and F = female; for handedness: R = right, L = left, A = ambidextrous, and 
U = unknown; for race: W = white, B = black, A = Asian, M = multiple, and U = 
unknown. 
 
Motion during the diffusion-weighted scan, as measured by average rotation was 
not significantly different between the groups (all p≥0.10). Furthermore, there were 
no significant group differences in the number of diffusion-weighted scans 
contributing to the final average diffusion-weighted scan used in the subsequent 
analyses (all p≥0.26), which indicates that SNR was consistent across the groups. 
 
8.3.2 Whole brain volume 
Whole brain volume was significantly higher in the ASD group compared to 
controls (t=3.09; p=0.003), and in unaffected siblings compared to controls (t=2.62; 
p=0.01). There was no significant difference in whole brain volume between the 
ASD and unaffected sibling groups (t=0.20; p=0.84). 
 
8.3.3 Group differences in white matter microstructure 
Average FA, MD, AD, and RD across the TBSS white matter skeleton were assessed 
using box-and-whisker plots. Four vastly outlying participants were removed from 
the analyses because it was deemed that their DTI metrics could not be relied upon, 
and that they would skew results. 
 
FA was significantly reduced in the ASD group compared to controls in the left 
anterior corona radiata and the genu and body of the corpus callosum (see Figure 
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56). There were no other significant group differences in FA, and no significant 
differences for MD, AD, or RD. 
 
 
Figure 56 Voxels with reduced FA in the ASD group compared to 
neurotypical controls are shown in red. 
Significant regions include regions of the left anterior corona radiata and the 
body and genu of the corpus callosum. Results are shown overlaid on the TBSS 
white matter skeleton, which is shown in green. TBSS fill was used to aid 
visualisation. 
 
8.3.4 Association between white matter microstructure and ASD traits 
The association between DTI metrics averaged over the entire white matter skeleton 
with ASD traits, as measured by subsets of the SRSp, were investigated. See Figure 
57 for the resulting correlation plots; though please note that to save space only 
those correlations that were also significant in the TBSS analysis (see below) are 
shown in the figure. For DTI metrics averaged across the white matter skeleton, FA 
was positively correlated with each of the SRSp subsets in the control group 
(awareness: rho=0.53, p=0.01; cognition: rho=0.69, p=0.0003; communication: 
rho=0.58, p=0.005; mannerisms: rho=0.64, p=0.001; motivation: rho=0.72, p=0.0001 
(see Figure 57A) (all p≤0.05 following FDR)). In contrast, FA was negatively 
correlated with SRSp mannerisms in the ASD group (rho=-0.31, p=0.02; does not 
survive FDR), however this finding did not survive FDR correction for multiple 
comparisons. A similar pattern of associations was found for MD and RD. MD was 
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negatively correlated with each of the SRSp subsets in the control group (awareness: 
rho=-0.46, p=0.03; cognition: rho=-0.63, p=0.002 (see Figure 57B); communication: 
rho=-0.46, p=0.03 (see Figure 57C); mannerisms: rho=-0.57, p=0.005 (see Figure 57D); 
motivation: rho=-0.65, p=0.001 (see Figure 57E) (all p≤0.05 following FDR)) and 
positively correlated with SRSp mannerisms in the ASD group (rho=0.30, p=0.03; 
does not survive FDR), although this did not survive correction. Likewise, RD was 
negatively correlated with each of the SRSp subsets in the control group (awareness: 
rho=-0.55, p=0.008; cognition: rho=-0.73, p=0.0001 (see Figure 57F); communication: 
rho=-0.57, p=0.005; mannerisms: rho=-0.66, p=0.0008; motivation: rho=-0.74, p<0.0001 
(see Figure 57G) (all p≤0.05 following FDR)) and positively correlated with SRSp 
mannerisms in the ASD group (rho=0.33, p=0.02; does not survive FDR), although 
this did not survive correction. There were no significant associations for AD, and 
none within the unaffected siblings. 
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Figure 57 Plots showing DTI–SRSp associations in control participants. 
Results are shown for a) FA and SRSp motivation (rho=0.72; p=0.0001), b) MD 
and SRSp cognition (rho=-0.63; p=0.002), c) MD and SRSp communication (rho=-
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0.46; p=0.03), d) MD and SRSp mannerisms (rho=-0.57; p=0.005), e) MD and SRSp 
motivation (rho=-0.65, p=0.001), f) RD and SRSp cognition (rho=-0.73, p=0.0001), 
g) RD and SRSp motivation (rho=-0.74, p<0.0001). The grey shaded area 
represents standard error. All analyses controlled for age, full-scale IQ, whole 
brain volume, and race, and all remained significant (p≤0.05) following FDR 
multiple comparisons correction. 
 
TBSS was used in order to identify whether particular white matter tracts 
contributed to the significant correlations between average DTI measures and SRSp 
subset scores within the control group. As with the correlation analysis for average 
DTI measures described above, in the TBSS correlation analysis SRSp 
communication and mannerism scores were negatively correlated with MD, SRSp 
cognition was negatively correlated with MD and RD, and SRSp motivation was 
negatively correlated with MD and RD, and positively correlated with FA. All p-
values were ≤0.05 following FWE multiple comparisons correction and TFCE. 
Contrary to the correlation analysis using DTI metrics averaged over the whole 
white matter skeleton, significant correlations following correction were not found 
in TBSS for FA and SRSp awareness, cognition, communication, and mannerisms, 
for MD and SRSp awareness, and for RD and SRSp awareness, communication, and 
mannerisms. The white matter tracts with the greatest contribution to those 
correlations that remained significant in the TBSS analysis, as measured by the 
proportion of the tract with significant voxels are shown in Table 12. Results show 
that the correlations between FA and SRSp motivation and MD and SRSp 
mannerisms are restricted to the corona radiata, while the correlations between MD 
and SRSp cognition, communication, and motivation and RD and SRSp cognition 
and motivation are widespread across the white matter. As shown in Table 12, the 
corona radiata is most commonly involved in the correlations, followed by the 
inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, internal capsule, 
posterior thalamic radiation, corpus callosum, and tapetum. 
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 The top 10 white matter tracts with a significant correlation Table 12
between DTI metric and SRSp subscore, as measured by the proportion of 
the tract contributing to the correlation. 
Only those white matter tracts with ≥10% of the tract significant were included, 
hence some correlations have fewer than 10 white matter tracts included in the 
table. 
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8.3.5 Sex-based differences in ASD traits and white matter microstructure 
Table 13 shows the results of comparison of SRSp total score in females and males 
with ASD. As shown in the Table, in males SRSp total scores were significantly 
higher in the ASD group compared to both controls (t=7.90; p<0.0001) and 
unaffected siblings (t=9.13; p<0.0001). The same remained true for females, with 
significantly higher SRSp total scores in ASD compared to controls (t=4.95; p=0.0002) 
and unaffected siblings (t=8.80; p<0.0001). There were no significant differences in 
SRSp total scores in females with ASD in comparison with males diagnosed with 
ASD (t=-1.40; p=0.17, or between male and female unaffected siblings (t=-0.95; 
p=0.36) and controls (t=0.93; p=0.36). 
 
 
 Participant social responsiveness scale (SRS) scores, with score Table 13
comparison by biological sex. 
1 Data are expressed as mean (standard deviation) [range], and p-values are 
obtained from t-tests. 
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Within females there were no significant differences in white matter microstructure, 
as measured by FA, MD, AD, and RD between the ASD, unaffected sibling and 
control groups. Within males, AD was significantly reduced in ASD compared to 
neurotypical controls in the bilateral corona radiata, the left internal capsule, and 
the genu and body of the corpus callosum (see Figure 58). There were no other 
significant group differences in FA, MD, AD, or RD for males. 
 
 
Figure 58 Voxels with reduced AD in males with ASD compared to 
neurotypical controls are shown in blue. 
Significant results are seen in the bilateral corona radiata, the left internal 
capsule, and the genu and body of the corpus callosum. Results are overlaid on 
the TBSS white matter skeleton in green. TBSS fill was used for visualisation. 
 
Correlations between white matter microstructure and SRSp subsets were 
investigated in males and females separately. Similarly to the results for the entire 
cohort, the only significant results following FDR correction were those in the 
controls. Significant results are shown in Table 14 for male controls and Table 15 for 
female controls. 
 
C h a p t e r  8 :  G i r l s  w i t h  A S D  &  U n a f f e c t e d  S i b l i n g s  | 234 
 
 
 
 
 Significant correlations between DTI metrics and SRSp Table 14
subsets in male controls. 
Those in bold remain significant (p≤0.05) following FDR multiple comparisons 
correction. 
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 Significant correlations between DTI metrics and SRSp Table 15
subsets in female controls. 
Those in bold remain significant (p≤0.05) following FDR multiple comparisons 
correction. 
 
8.4 Discussion 
This study investigated whole brain volume and white matter microstructure in 
children and adolescents with ASD, with an additional focus on white matter 
microstructure in the unaffected siblings of autistic probands and the effect of 
biological sex on ASD-related white matter changes. Results showed that whole 
brain volume was similarly elevated in the ASD and unaffected sibling groups in 
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comparison with controls. White matter microstructure was less coherent, as 
measured by reduced FA, in ASD compared to controls, but there were no 
significant group differences in white matter microstructure between unaffected 
siblings and controls. Correlations between white matter microstructure and SRSp 
subsets were in the opposite directions in control and ASD participants, though only 
the correlations in the control group remained significant following multiple 
comparisons correction. There were no sex-based differences in ASD trait severity, 
as measured by the SRSp. Males with ASD had significantly reduced AD in 
comparison with male controls; no significant group differences in white matter 
microstructure were identified in females. 
 
The finding of elevated whole brain volume in this sample of children and 
adolescents with ASD is consistent with previous reports [166][167]. Similarly 
elevated whole brain volume was measured in unaffected siblings of ASD 
probands, which suggests that whole brain volume may be an endophenotype of 
ASD – i.e. characteristic of the autistic individual and their close relations, as 
opposed to a biomarker that is specific to the ASD proband. This is consistent with 
findings of elevated head circumference in the unaffected siblings of ASD probands 
[65][66][67] and findings of regional grey matter volume increases in both 
unaffected and affected siblings [390], but is in contrast to a finding of no significant 
volumetric differences between high-risk infants and control [391]. Evidence in 
adults with ASD, including that reported in Chapter 5, has found that whole brain 
volumes are similar to those of controls, which suggests that there is a trajectory of 
increased brain growth in the early years of ASD, which levels out in adulthood, 
such that whole brain volume becomes similar to that of neurotypical controls, a 
hypothesis supported by longitudinal studies [167][173][174]. In future longitudinal 
studies, it would be interesting to investigate the trajectory of whole brain growth in 
unaffected siblings as they develop, in order to observe whether they follow the 
same pattern of increased whole brain volume followed by levelling off in 
adulthood as their affected sibling. 
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FA was significantly reduced in the ASD group in comparison to controls in the left 
anterior corona radiata and the genu and body of the corpus callosum, indicating 
that these structures are less coherent in children and adolescents with ASD. This 
finding is consistent with prior evidence of reduced FA of the corpus callosum 
[244][237][235] and corona radiata [223], though it is in contrast to the widespread 
reductions in FA reported in prior DTI studies of the entire white matter in ASD 
[206], and with disparate evidence of FA increases in children with ASD [238][212]. 
There were no significant differences in MD, AD or RD between ASD and control 
groups, which is consistent with several studies of children with ASD in which a 
significant FA effect was reported in the absence of measurable group differences in 
diffusivity [245][227][222]. This finding could reflect reduced coherence to the 
organisation of axons (identified by the FA reduction), but relatively similar axonal 
density (indicated by no significant difference in diffusivity). The restriction of 
group differences to FA and their less widespread nature in this study is in contrast 
to my findings in adults with ASD (Chapter 5). This may be due to the age of the 
participants, which has a strong effect on white matter microstructure in both 
healthy and autistic subjects [206][216] (see Section 3.2.2 for more). A further 
consideration is that a smaller white matter skeleton was employed in this study 
compared to that in Chapter 5, which means that significant differences in outlying 
white matter could not be investigated in this study. 
 
There were no significant differences in white matter microstructure between 
unaffected siblings and controls, which indicates that alterations in white matter 
microstructure do not form part of a wider endophenotype of ASD and are more 
likely to be a biomarker of the condition. However, in the present study, no 
significant group differences in white matter microstructure were identified 
between unaffected siblings and ASD either. Both of these results are in contrast to 
evidence from Barnea-Goraly et al. [223] and Lewis et al. [283], who reported step-
wise alterations in FA and white matter network arrangement, respectively, in 
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unaffected siblings and ASD compared to controls; evidence which suggests that 
some aspects of structural connectivity are endophenotypic, and thus are present in 
both unaffected siblings and those with ASD, whilst others are restricted to ASD 
sufferers, and thus may reflect biomarkers of ASD itself. Additional evidence from a 
longitudinal study of high-risk infants (i.e. infants with a sibling already diagnosed 
with ASD) has indicated that developmental trajectories of FA are significantly 
different between those children later diagnosed with ASD compared to those who 
did not receive a later ASD diagnosis [203]. The lack of significant results in this 
study does not necessarily mean that there are no ASD-related endophenotypes or 
step-wise changes in white matter microstructure, rather it may be that they were 
not detectable in this instance. This may be because they are weak effects, or that 
they only occur in particular white matter tracts or scenarios, depending upon 
characteristics of the study group such as age. Further investigation, such as large-
scale longitudinal studies in well-defined sibling–proband pairs would be needed to 
clarify the nature of ASD risks and their effect on brain structure. 
 
To investigate the relationship between white matter microstructure and ASD 
symptom severity across the groups, correlations between DTI metrics and SRSp 
score were carried out. Resulting associations in control and ASD groups were in 
the opposing directions; however, the correlations in the ASD group did not survive 
correction for multiple comparisons. Furthermore, there were no significant 
correlations within the unaffected siblings. The correlations in the control group that 
survived correction for multiple comparisons correction indicated that more severe 
autistic traits, as evidenced by higher SRSp scores, are associated with elevated FA 
and reduced MD and RD – findings that one would normally associate with 
increased coherence of white matter tracts. These correlation results are at odds with 
the finding of reduced FA in the ASD group compared to controls. However, it is 
important to remember that the correlation finding is within the control group only, 
and therefore suggests that the association between white matter microstructure 
and ASD traits, as measured by the SRSp, is not consistent across the spectrum from 
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neurotypical to clinically-diagnosed individuals. This finding is at odds with those 
described in adults in Chapter 5 of this thesis, which supported the concept of a 
spectrum of white matter microstructural deficits that was reflective of a spectrum 
of ASD traits across the study population. This discrepancy may reflect the 
methodological differences between the study – such as the use of the parent-
reported SRSp versus the self-reported AQ – and/or differences in the demographics 
of the cohorts, most obviously that of age. It may be that younger neurotypical 
children and adolescents are more likely to have ASD traits in the presence of more 
ordered white matter, and that this association changes as the white matter matures 
and develops over time. Indeed, some evidence suggests that elevated FA is 
associated with more severe ASD traits, as measured by the CARS [215], AQ [266], 
and the empathising quotient [267]. Other studies in children with ASD have 
provided evidence that the association between age and FA of the internal capsule 
[258] and the arcuate fasciculus [238] is opposite to that in neurotypical controls. 
Longitudinal studies would be invaluable to the investigation of white matter–ASD 
symptom associations over time. 
 
The correlation analyses between DTI metrics and SRSp subsets in the control group 
were also carried out within TBSS in order to identify the location of voxels that 
significantly contributed to each association. White matter microstructure in the 
corona radiata, which is associated with motor and higher functions [392][393], was 
consistently identified in correlations with ASD-related mannerisms, and deficits in 
social cognition, communication, and motivation. Microstructure of the inferior 
longitudinal fasciculus, inferior fronto-occipital fasciculus, internal capsule, and 
posterior thalamic radiation were associated with ASD-related social cognition, 
communication, and motivation impairments. Microstructure of the corpus 
callosum was associated with social cognition and communication difficulties, and 
the tapetum (a part of the corpus callosum) with ASD-related motivation and 
cognition deficits. These findings indicate that some ASD-related traits, such as 
impaired social cognition, are associated with a wider array of white matter tract 
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characteristics than other ASD traits, such as reduced awareness. This suggests that, 
within the neurotypical population, social cognition is more generally associated 
with white matter microstructure than other ASD traits, and that some white matter 
tracts, such as the corona radiata and inferior longitudinal fasciculus, are associated 
with a wider range of ASD-related behaviours than other tracts, such as the corpus 
callosum. It is important to note that some of the correlation results that were 
significant when looking at DTI metrics averaged across the white matter skeleton 
were not significant in the voxel-based TBSS analysis stream. This may have 
occurred because the multiple comparisons correction within the TBSS analysis is 
more stringent or due to the increased power afforded by averaging measures 
across the whole of the white matter skeleton compared to within each voxel. 
 
Prior studies in children, adolescents, and adults with ASD have identified 
significantly altered white matter microstructure of the corona radiata in ASD 
[258][238][223][229], though no significant correlations have been reported. Several 
studies that have shown altered white matter microstructure in the inferior 
longitudinal fasciculus [226][235][229][233][221][266], inferior fronto-occipital 
fasciculus [237][236][235][229][233][248] [255], and internal capsule 
[200][258][238][223] in ASD. Correlation analyses in ASD subjects have identified 
associations between inferior longitudinal fasciculus FA and ASD-related social and 
communication deficits [248]. Numerous studies have identified white matter 
deficits in the corpus callosum in ASD (for example, [250][208][214][204][203][219]). 
Altered white matter microstructure of the tapetum, which forms a part of the 
corpus callosum, has not been subject to much investigation, though there is some 
evidence that it is microstructurally affected in ASD [219]. Correlation analyses in 
ASD subjects have identified associations between corpus callosum FA and ADI 
restricted and repetitive behaviours [217], corpus callosum FA and CARS [205], and 
corpus callosum fibre density and length and VABS communication score [208]. In 
adults, correlations between corpus callosum FA and ADI communication score 
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[248] and corpus callosum number of streamlines and ADI restricted and repetitive 
behaviours [265] have been reported. 
 
Following sub-division of the groups by biological sex, results showed that males 
with ASD had significantly reduced AD compared to male controls. There were no 
other significant group differences in white matter microstructure in the males, and 
no significant group differences in the females. Reductions in AD are representative 
of reduced water diffusion parallel with the axon bundle, and thus may reflect 
reduced coherence in the white matter tracts along the principal diffusion direction. 
Reduced AD has been reported by prior studies in children and adolescents with 
ASD [237][231][226][219]. The lack of significant group differences in DTI metrics in 
females does not corroborate the evidence suggesting that the typical pattern of 
sexual dimorphism in white matter microstructure is deficient in females with ASD 
[286], rather it supports recent evidence of no significant sex differences in a TBSS 
study of adults with ASD [288], and evidence that girls with ASD have a more 
similar white matter microstructure to female controls than males with ASD relative 
to male controls [245]. These findings question the ‘extreme male brain’ hypothesis 
[29], and the concept that females with ASD have experienced greater departure 
from the typical ‘female’ brain, than males with ASD from the typical ‘male’ brain, 
when looking in terms of structural connectivity. Further, there were no sex-based 
differences in the incidence or severity of ASD traits, as measured by the SRSp. This 
suggests that males and females are equally affected if they have a clinical diagnosis 
of ASD, and that this is captured by this particular parent-reported measure. It also 
indicates that females in the general population have a similar level of ASD-like 
traits to males from the neurotypical population, which further calls into question 
the concept that ASD is an extreme expression of typically ‘male’ behaviours 
[127][126]. Correlations of white matter microstructural markers with SRSp subset 
scores within the male and female groups separately showed a greater association in 
female controls than male controls – with females having significant correlations 
between all SRSp subsets for FA, MD, AD, and RD and males only showing 
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significant correlations for all SRSp subsets for FA and RD. This evidence indicates 
that both neurotypical males and females have an association between white matter 
microstructure and ASD traits, but that this association occurs with a wider range of 
microstructural alterations in females. This finding suggests that typical females 
have a stronger association between white matter microstructure and ASD traits 
than typical males, which is the opposite of the finding that would be anticipated 
from theories regarding autism an ‘extreme male’ condition. 
 
This study has several limitations: The sample sizes are relatively small when the 
study cohort is sub-divided into groups of males and females. This means that the 
analyses in the male and female groups have more limited statistical power, and 
thus may be unable to detect group differences or correlations with a small effect 
size. This is particularly apparent for the female groups, since females with ASD are 
relatively rare and thus more difficult to recruit to studies in high numbers. Future 
work in a larger cohort would enable elucidation of small effects. Another limitation 
of the study is that the developmental stage of the participants was not measured. 
Age is a fairly good indicator of development, but there are both individual and sex-
based differences in developmental trajectories which means that children of the 
same age can be at different developmental stages. One means of accounting for 
different slopes in white matter development in the sexes would be to include an 
age*sex interaction term as a covariate. A relatively high FA threshold of 0.4 was 
used in the generation of the TBSS skeleton in this study, compared to the typical 
selection of FA=0.2 (as used in the TBSS analysis in Chapter 5). The higher FA 
threshold was selected following visual assessment that revealed inaccuracies in the 
TBSS white matter skeleton when using a lower FA threshold. These inaccuracies 
are likely to have occurred because the cohort consisted of children and adolescents, 
rather than adults as per the typical TBSS protocol. An effect of the higher FA 
threshold is that the resulting white matter skeleton is more compact and statistical 
tests are constrained to the very central white matter tracts, resulting in a smaller 
test area that does not include the more peripheral white matter tracts; however, no 
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major white matter tracts were lost as a result of the high FA threshold. The 
averaging of diffusion-weighted scan acquisitions may have introduced 
heteroscedasticity, since participants with three diffusion-weighted scans would 
have had greater variability in the final averaged volumes than those participants 
with only two or one diffusion-weighted scan contributing to the final averaged 
scan. However, there were no significant group differences in the number of 
diffusion-weighted scans contributing to the final average diffusion-weighted scan. 
This indicates that SNR and variability were consistent across the groups. A 
limitation of using the SRSp to assess ASD traits is that it is a parent-reported 
measure, and therefore may suffer from bias and/or inadequate reporting. Parents 
or guardians of a child diagnosed with ASD may have increased ability to identify 
ASD traits in their other children; however it is conceivable that such parents may 
be hypersensitive to any signs of similar behaviour in their other children, and they 
may be eager to either down-play or overstate ASD traits in these siblings, 
depending on their preference. Nevertheless, the SRSp is a useful approximate of 
ASD behaviours across the spectrum. 
 
Future work in a larger sample size over a wider range of participant ages or in a 
longitudinal design would be useful in confirming the findings of this study. A 
targeted investigation of those white matter tracts that were identified in this study 
– for example the corona radiata, which was singled out by the correlation analysis – 
would also be of interest in order to fully characterise the association between white 
matter microstructure and ASD traits. Further study could compare familial and un-
related ASD proband and unaffected sibling pairs, and the effect of a the degree of 
autism risk – that of having two or more affected siblings and/or a parent with an 
ASD diagnosis vs one affected sibling – on brain structure in unaffected siblings. 
This could be combined with genetic analyses in order to identify possible genetic 
determinants or risk factors. Further study in larger cohorts of females with ASD 
could also tease out any effect of biological sex on putative endophenotypes. 
 
C h a p t e r  8 :  G i r l s  w i t h  A S D  &  U n a f f e c t e d  S i b l i n g s  | 244 
 
 
 
8.5 Conclusion 
In summary, there is evidence that the microstructural characteristics of white 
matter alter with age, and that this developmental trajectory is altered in ASD. 
There is much discussion regarding the extent to which ASD-related white matter 
anomalies are specific to the condition or represent an endophenotype that is shared 
by closely related family members. Furthermore, ASD is far more common in males 
than females, so investigation of the effect of biological sex on the brain structure in 
ASD is of interest. The aims of this study were therefore to investigate white matter 
microstructure in a cohort of children and adolescents with ASD, in order to add to 
the young adult study reported in Chapter 5, and to take this further by 
investigating white matter microstructure in unaffected siblings of ASD probands 
and carrying out independent investigations of males and females with ASD. The 
results of this study suggest that white matter microstructure is altered in ASD, but 
that there is less difference between males and females with ASD and their 
neurotypical counterparts than would be anticipated from theories that aim to 
explain the higher diagnosis rates of ASD in males. This study provides evidence 
that overall brain volume is endophenotypically elevated in ASD probands and 
their siblings, but that white matter microstructure may be less affected in these 
unaffected siblings. Overall this work adds to the growing evidence that altered 
brain structure is associated with ASD, but that there is a great deal complexity and 
heterogeneity to this association that warrants further investigation. 
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Chapter 9 Conclusions 
 
This section brings together the work reported in this thesis, summarising the 
advances made in our understanding of brain structure in autism, and outlining 
future studies that could build upon these findings. 
 
9.1 Summary 
The aims of this thesis (see Section 3.4) were to investigate white matter 
microstructure in ASD and its association with symptom severity, and to address a 
number of specific questions: what are the nature of any microstructural differences 
in ASD relative to controls? Are connections within the social brain 
disproportionately affected? Do these microstructural alterations occur in all cases 
of ASD, or are they more common or severe in males compared to females, or in 
children compared to adults? Does white matter microstructure act as a biomarker 
of ASD? Do white matter measures reflect an endophenotype of ASD or enhanced 
vulnerability in families of ASD sufferers? Is there evidence in support of the 
various neural theories of ASD outlined in Section 1.3? 
 
Four studies were carried out in order to resolve these questions. The first study 
investigated white matter microstructure in young adults with ASD using TBSS 
(Chapter 5). A comparison with neurotypical controls identified reduced white 
matter coherence in the ASD group, as measured by significant alterations in FA, 
MD, and RD. A correlation analysis showed that the spectrum of ASD traits in the 
entire study population, as measured by the autism quotient, is associated with a 
spectrum of white matter microstructure characteristics. IQ was maintained in the 
individuals included in this study, thus the findings imply that there is a 
dissociation between white matter features linked to IQ-related abilities and white 
matter characteristics associated with ASD traits. The findings of this study showed 
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that increasing microstructural deficits in the white matter are associated with 
greater ASD trait severity, which indicates that there may be a threshold at which 
aberrations in the white matter microstructure propel one towards the extreme of 
this spectrum and a clinical diagnosis of ASD. This warrants further investigation in 
a large cohort of participants that fully encompass the two spectra. 
 
The second study investigated the social brain in greater detail, by analysing 
amygdala connectivity in the same cohort of young adults with ASD (Chapter 6). 
The findings showed that amygdalo-cortical connections are microstructurally 
compromised in ASD, and that these aberrations are associated with ASD symptom 
severity. Interestingly, the microstructure of particular amygdala-cortical 
connections was associated with different aspects of the ASD phenotype. This work 
provides evidence for specificity regarding the neural underpinnings of certain 
autistic behaviours. It also implies that tracts of the social network of the brain are 
impaired in ASD, although the pattern of brain–behaviour associations is more 
complex than previously supposed. The findings provide evidence that amygdala 
sub-regions should be investigated independently from one another, and future 
work could investigate the functional behaviour of amygdala sub-regions. Future 
work could also investigate whether particular amygdalo-cortical connections are 
biomarkers of ASD, and whether these connections can be modulated by therapies 
aimed at ameliorating particular autistic behaviours. 
 
The third study analysed the network of structural connections in the autistic brain 
using graph theory within the same cohort of young adults (Chapter 7). The 
network analysis did not detect a difference in the organisation of the whole brain 
network in ASD, which was similar to that of healthy controls. FA of the white 
matter tracts in the network was reduced in the ASD group, and this 
microstructural deficit was associated with greater ASD symptom severity. These 
findings suggest that the overall topology of the whole brain network in young 
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adults with ASD is similar to that of neurotypical controls, but that this network is 
microstructurally compromised in ASD. There was a suggestion of enhanced local 
connectivity of the limbic network in ASD, though this did not survive correction 
for multiple comparisons. Further work investigating the properties of the limbic 
network in ASD in a larger sample are warranted to further explore these findings, 
which suggest that the social and emotional networks of the brain are not 
disproportionately affected in ASD. An investigation of associations between 
structural and functional networks within the brain would also be beneficial for 
further understanding of brain topology in ASD. 
 
The fourth study was carried out during a three-month placement at Yale 
University, and investigated white matter microstructure in a cohort of children and 
adolescents using TBSS (Chapter 8). Results showed that whole brain volume is 
endophenotypically elevated in ASD probands and their unaffected siblings. White 
matter microstructure was altered in the ASD group compared to controls, as 
measured by reduced FA, but that this was to a lesser extent than observed in the 
adult cohort described in Chapter 5. Further, white matter microstructure was not 
significantly altered in unaffected siblings, and as such it is more likely to be a 
biomarker of ASD than an endophenotype. When groups were stratified by 
biological sex, fewer differences between males and females with ASD and their 
neurotypical counterparts were observed than anticipated. This study provides 
preliminary evidence for a lack of support of the hypotheses of greater neurological 
assault in females with ASD and ASD as a disorder marked by an ‘extreme male 
brain’. 
 
9.2 Future studies 
The fourth study in this thesis (Chapter 8) provokes interesting questions regarding 
heterogeneity in ASD research, and the impact of methodology and participant 
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demographics on research findings. ASD is complex, and heterogeneity may reflect 
a real lack of consensus regarding what autism actually is, and how it should be 
defined. These questions encourage further research, particularly large study 
samples and longitudinal study designs, in order to fully resolve the condition, and 
its characteristics across the lifespan. The findings in this thesis suggest that brain 
structure is relatively consistently affected in males and females with ASD, and 
therefore that further elucidation of the causes of the relatively high diagnosis rates 
in males is warranted. This may involve the analysis of genetic influences on both 
brain structure and ASD symptom severity, particularly regarding X-chromosome 
genes, as well as biochemical influences, such as testosterone levels. 
 
High-functioning individuals without comorbidities or significant medication 
usage, and within tight age ranges were selected for the analyses presented in this 
thesis. These selection criteria were followed in order to ensure that the research 
cohort was homogenous, thus increasing the probability that any findings could be 
attributed to ASD, rather than the effects of extraneous factors. However, the use of 
a homogenous research cohort means that the study sample and, consequently, the 
study findings do not reflect the biology of the wider ASD clinical population. There 
is no such thing as a ‘typical’ ASD case, but comorbidities and associated 
medication use (such as SSRIs for comorbid depression and anxiety) are incredibly 
common, and ASD affects individuals of all ages. Additionally, developmental 
delays and impairments are often co-associated with ASD. The findings presented 
in this thesis are only true of the cohorts they were derived from, using the methods 
selected – a consideration that is true of any clinical research study. However, there 
is evidence for consanguinity between different studies of brain structure in ASD, 
and patterns are emerging. Ethical and practical considerations would have to be 
taken into account prior to conducting research in a truly heterogeneous ASD 
cohort, and it is likely that incredibly large sample sizes would be required to tease 
out ASD-specific effects from the noise. Future multi-site studies will prove essential 
to unravelling the complexities of ASD, and data-sharing initiatives, such as the 
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NIH’s national database for autism research (NDAR) 
(https://ndar.nih.gov/index.html), will be invaluable in facilitating these efforts. 
 
Recent methodological advances have been made in MR acquisition and analysis 
methods, and future studies could make use of these to improve the accuracy and 
reliability of structural analyses – particularly with regards to the elucidation of 
multiple white matter fibre directions, and to investigate new aspects of white 
matter structure. One such development is in alternative approaches to the 
estimation of white matter fibre orientation, such as constrained spherical 
deconvolution (CSD) [394], which deconvolves the fibre orientation distribution (the 
fODF) from the diffusion-weighted signal and an estimated fibre response function. 
Another recent development in MR techniques is neurite orientation dispersion and 
density imaging (NODDI) [395], which enables quantification of neurite density and 
the degree of bending and spreading of axons. The g-ratio – the ratio of axon 
diameter to the diameter of the myelin sheath [396] – can be estimated using a 
combination of diffusion MRI, using methods such as NODDI, and magnetisation 
transfer imaging [397][398], and would enable the investigation of axon diameter 
and the degree of axon myelination in ASD. This would be useful in discovering 
more about brain structure in ASD, and the subtle effects of microstructure on 
behaviour. Alternative diffusion-weighted MRI acquisition methods, such as 
diffusion spectrum imaging (DSI) [399] and Q-ball imaging [400] enable estimation 
of multiple fibre orientations using fewer assumptions about signal structure than 
DTI. Studies using higher MR field strengths than those employed in this thesis 
would enable greater image resolution to be used, which would increase the spatial 
localisation of results and decrease partial volume effects. A great deal of research is 
currently focused on the development and application of in vivo imaging techniques 
at very high field strengths, such as 7T [401], and studies of brain structure in ASD 
could benefit from this in the future. 
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Future work to investigate the links between brain structure, function, and 
behaviour is merited. Future studies could focus on areas of the autistic phenotype 
that have been relatively under-studied, such as hyper-sensitivity to sensory stimuli. 
Another approach to ASD research could be the investigation of the biological basis 
for the special skills and abilities that can be afforded by ASD, such as heightened 
attention to detail, and how to harness these abilities to aid an individual with ASD. 
One major limitation of research assessing biology and behaviour is that of cause vs 
effect – it is not yet possible to determine whether structural changes within the 
brain precede autistic behaviours, co-occur with them, and/or develop and 
strengthen as a result of learned patterns of behaviour. Large-scale longitudinal 
studies, initiated early in infancy, may go some way towards revealing the process 
by which ASD develops and is maintained. Cross-disciplinary work – for example, 
studies combining brain imaging, genetics, biochemistry, and psychology – will also 
prove invaluable in identifying the intricacies of autism. The search for a unique 
autism biomarker will be key to the development and evaluation of both diagnostic 
tools and behavioural interventions; currently such efforts are relatively qualitative 
and subjective. The work described in this thesis has identified several avenues for 
future research in this area, and studies comparing white matter structures in ASD 
and other neurodevelopmental conditions would be invaluable in order to identify 
and develop new biomarkers. 
 
9.3 Conclusion 
The work presented in this thesis provides evidence for reduced microstructural 
coherence of the white matter in ASD. Evidence is provided for a) a biological basis 
for the spectrum of autistic traits, b) relative specificity of the behavioural correlates 
to microstructural characteristics of particular amygdalo-cortical connections, c) 
relatively preserved brain topology in ASD, as identified using network analysis, d) 
brain volume as an endophenotype of ASD, and microstructure as a putative 
biomarker, and e) no evidence for extreme white matter damage in young females 
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with ASD. These findings increase understanding of the neurological 
underpinnings of autism, and provide a fertile basis for future research in this field. 
Many questions regarding brain structure in ASD require further investigation – in 
particular the relatively high diagnosis rates in males, heterogeneity within the ASD 
population, and developmental trajectories. Large-scale longitudinal studies 
employing recent technological advances will help to realise these ambitions. 
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Appendix A: ICD-10 Diagnostic Criteria 
 
F84 Pervasive developmental disorders 
This group of disorders is characterized by qualitative abnormalities in reciprocal 
social interactions and in patterns of communication, and by restricted, stereotyped, 
repetitive repertoire of interests and activities. These qualitative abnormalities are a 
pervasive feature of the individual's functioning in all situations, although they may 
vary in degree. In most cases, development is abnormal from infancy and, with only 
a few exceptions, the conditions become manifest during the first 5 years of life. It is 
usual, but not invariable, for there to be some degree of general cognitive 
impairment but the disorders are defined in terms of behaviour that is deviant in 
relation to mental age (whether the individual is retarded or not). There is some 
disagreement on the subdivision of this overall group of pervasive developmental 
disorders. In some cases the disorders are associated with, and presumably due to, 
some medical condition, of which infantile spasms, congenital rubella, tuberous 
sclerosis, cerebral lipidosis, and the fragile X chromosome anomaly are among the 
most common. However, the disorder should be diagnosed on the basis of the 
behavioural features, irrespective of the presence or absence of any associated 
medical conditions; any such associated condition must, nevertheless, be separately 
coded. If mental retardation is present, it is important that it too should be 
separately coded, under F70-F79, because it is not a universal feature of the 
pervasive developmental disorders. 
 
F84.0 Childhood autism 
A pervasive developmental disorder defined by the presence of abnormal and/or 
impaired development that is manifest before the age of 3 years, and by the 
characteristic type of abnormal functioning in all three areas of social interaction, 
communication, and restricted, repetitive behaviour. The disorder occurs in boys 
three to four times more often than in girls. 
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Diagnostic guidelines 
Usually there is no prior period of unequivocally normal development but, if there 
is, abnormalities become apparent before the age of 3 years. There are always 
qualitative impairments in reciprocal social interaction. These take the form of an 
inadequate appreciation of socio-emotional cues, as shown by a lack of responses to 
other people's emotions and/or a lack of modulation of behaviour according to 
social context; poor use of social signals and a weak integration of social, emotional, 
and communicative behaviours; and, especially, a lack of socio-emotional 
reciprocity. 
 
Similarly, qualitative impairments in communications are universal. These take the 
form of a lack of social usage of whatever language skills are present; impairment in 
make-believe and social imitative play; poor synchrony and lack of reciprocity in 
conversational interchange; poor flexibility in language expression and a relative 
lack of creativity and fantasy in thought processes; lack of emotional response to 
other people's verbal and nonverbal overtures; impaired use of variations in 
cadence or emphasis to reflect communicative modulation; and a similar lack of 
accompanying gesture to provide emphasis or aid meaning in spoken 
communication. 
 
The condition is also characterized by restricted, repetitive, and stereotyped 
patterns of behaviour, interests, and activities. These take the form of a tendency to 
impose rigidity and routine on a wide range of aspects of day-to day functioning; 
this usually applies to novel activities as well as to familiar habits and play patterns. 
In early childhood particularly, there may be specific attachment to unusual, 
typically non-soft objects. The children may insist on the performance of particular 
routines in rituals of a non-functional character; there may be stereotyped 
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preoccupations with interests such as dates, routes or timetables; often there are 
motor stereotypies; a specific interest in non-functional elements of objects (such as 
their smell or feel) is common; and there may be a resistance to changes in routine 
or in details of the personal environment (such as the movement of ornaments or 
furniture in the family home). 
 
In addition to these specific diagnostic features, it is frequent for children with 
autism to show a range of other nonspecific problems such as fear/phobias, sleeping 
and eating disturbances, temper tantrums, and aggression. Self-injury (e.g. by wrist-
biting) is fairly common, especially when there is associated severe mental 
retardation. Most individuals with autism lack spontaneity, initiative, and creativity 
in the organization of their leisure time and have difficulty applying 
conceptualizations in decision-making in work (even when the tasks themselves are 
well within their capacity). The specific manifestation of deficits characteristic of 
autism change as the children grow older, but the deficits continue into and through 
adult life with a broadly similar pattern of problems in socialization, 
communication, and interest patterns. Developmental abnormalities must have 
been present in the first 3 years for the diagnosis to be made, but the syndrome can 
be diagnosed in all age groups. All levels of IQ can occur in association with autism, 
but there is significant mental retardation in some three-quarters of cases. 
 
Includes: 
Autistic disorder; infantile autism; infantile psychosis; Kanner's syndrome. 
 
Differential diagnosis: 
Apart from the other varieties of pervasive developmental disorder it is important 
to consider: specific developmental disorder of receptive language (F80.2) with 
secondary socio-emotional problems; reactive attachment disorder (F94.1) or 
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disinhibited attachment disorder (F94.2); mental retardation (F70-F79) with some 
associated emotional/behavioural disorder; schizophrenia (F20.-) of unusually early 
onset; and Rett's syndrome (F84.2). 
 
Excludes: 
Autistic psychopathy (F84.5). 
 
F84.1 Atypical autism 
A pervasive developmental disorder that differs from autism in terms either of age 
of onset or of failure to fulfil all three sets of diagnostic criteria. Thus, abnormal 
and/or impaired development becomes manifest for the first time only after age 3 
years; and/or there are insufficient demonstrable abnormalities in one or two of the 
three areas of psychopathology required for the diagnosis of autism (namely, 
reciprocal social interactions, communication, and restrictive, stereotyped, repetitive 
behaviour) in spite of characteristic abnormalities in the other area(s). Atypical 
autism arises most often in profoundly retarded individuals whose very low level of 
functioning provides little scope for exhibition of the specific deviant behaviours 
required for the diagnosis of autism; it also occurs in individuals with a severe 
specific developmental disorder of receptive language. Atypical autism thus 
constitutes a meaningfully separate condition from autism. 
 
Includes: 
Atypical childhood psychosis. 
Mental retardation with autistic features 
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F84.2 Rett's syndrome 
A condition of unknown cause, so far reported only in girls, which has been 
differentiated on the basis of a characteristic onset, course, and pattern of 
symptomatology. Typically, apparently normal or near-normal early development 
is followed by partial or complete loss of acquired hand skills and of speech, 
together with deceleration in head growth, usually with an onset between 7 and 24 
months of age. Hand-wringing stereotypies, hyperventilation and loss of purposive 
hand movements are particularly characteristic. Social and play development are 
arrested in the first 2 or 3 years, but social interest tends to be maintained. During 
middle childhood, trunk ataxia and apraxia, associated with scoliosis or 
kyphoscoliosis tend to develop and sometimes there are choreoathetoid movements. 
Severe mental handicap invariably results. Fits frequently develop during early or 
middle childhood. 
 
Diagnostic guidelines 
In most cases onset is between 7 and 24 months of age. The most characteristic 
feature is a loss of purposive hand movements and acquired fine motor 
manipulative skills. This is accompanied by loss, partial loss or lack of development 
of language; distinctive stereotyped tortuous wringing or "hand-washing" 
movements, with the arms flexed in front of the chest or chin; stereotypic wetting of 
the hands with saliva; lack of proper chewing of food; often episodes of 
hyperventilation; almost always a failure to gain bowel and bladder control; often 
excessive drooling and protrusion of the tongue; and a loss of social engagement. 
Typically, the children retain a kind of "social smile", looking at or "through" people, 
but not interacting socially with them in early childhood (although social interaction 
often develops later). The stance and gait tend to become broad-based, the muscles 
are hypotonic, trunk movements usually become poorly coordinated, and scoliosis 
or kyphoscoliosis usually develops. Spinal atrophies, with severe motor disability, 
develop in adolescence or adulthood in about half the cases. Later, rigid spasticity 
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may become manifest, and is usually more pronounced in the lower than in the 
upper limbs. Epileptic fits, usually involving some type of minor attack, and with an 
onset generally before the age of 8 years, occur in the majority of cases. In contrast to 
autism, both deliberate self-injury and complex stereotyped preoccupations or 
routines are rare. 
 
Differential diagnosis: 
Initially, Rett's syndrome is differentiated primarily on the basis of the lack of 
purposive hand movements, deceleration of head growth, ataxia, stereotypic "hand-
washing" movements, and lack of proper chewing. The course of the disorder, in 
terms of progressive motor deterioration, confirms the diagnosis. 
 
F84.3 Other childhood disintegrative disorder 
A pervasive developmental disorder (other than Rett's syndrome) that is defined by 
a period of normal development before onset, and by a definite loss, over the course 
of a few months, of previously acquired skills in at least several areas of 
development, together with the onset of characteristic abnormalities of social, 
communicative, and behavioural functioning. Often there is a prodromic period of 
vague illness; the child becomes restive, irritable, anxious, and overactive. This is 
followed by impoverishment and then loss of speech and language, accompanied by 
behavioural disintegration. In some cases the loss of skills is persistently progressive 
(usually when the disorder is associated with a progressive diagnosable 
neurological condition), but more often the decline over a period of some months is 
followed by a plateau and then a limited improvement. The prognosis is usually 
very poor, and most individuals are left with severe mental retardation. There is 
uncertainty about the extent to which this condition differs from autism. In some 
cases the disorder can be shown to be due to some associated encephalopathy, but 
A p p e n d i x  A :  I C D - 1 0  D i a g n o s t i c  C r i t e r i a            | 289 
 
 
 
the diagnosis should be made on the behavioural features. Any associated 
neurological condition should be separately coded. 
 
Diagnostic guidelines: 
Diagnosis is based on an apparently normal development up to the age of at least 2 
years, followed by a definite loss of previously acquired skills; this is accompanied 
by qualitatively abnormal social functioning. It is usual for there to be a profound 
regression in, or loss of, language, a regression in the level of play, social skills, and 
adaptive behaviour, and often a loss of bowel or bladder control, sometimes with a 
deteriorating motor control. Typically, this is accompanied by a general loss of 
interest in the environment, by stereotyped, repetitive motor mannerisms, and by an 
autistic-like impairment of social interaction and communication. In some respects, 
the syndrome resembles dementia in adult life, but it differs in three key respects: 
there is usually no evidence of any identifiable organic disease or damage (although 
organic brain dysfunction of some type is usually inferred); the loss of skills may be 
followed by a degree of recovery; and the impairment in socialization and 
communication has deviant qualities typical of autism rather than of intellectual 
decline. For all these reasons the syndrome is included here rather than under F00-
F09. 
 
Includes: 
Dementia infantilis; disintegrative psychosis; Heller's syndrome; symbiotic 
psychosis. 
 
Excludes: 
Acquired aphasia with epilepsy (F80.3); elective mutism (F94.0); Rett's syndrome 
(F84.2); schizophrenia (F20.-) 
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F84.4 Overactive disorder associated with mental retardation and stereotyped 
movements 
This is an ill-defined disorder of uncertain nosological validity. The category is 
included here because of the evidence that children with moderate to severe mental 
retardation (IQ below 50) who exhibit major problems in hyperactivity and 
inattention frequently show stereotyped behaviours; such children tend not to 
benefit from stimulant drugs (unlike those with an IQ in the normal range) and may 
exhibit a severe dysphoric reaction (sometimes with psychomotor retardation) when 
given stimulants; in adolescence the overactivity tends to be replaced by 
underactivity (a pattern that is not usual in hyperkinetic children with normal 
intelligence). It is also common for the syndrome to be associated with a variety of 
developmental delays, either specific or global. 
 
The extent to which the behavioural pattern is a function of low IQ or of organic 
brain damage is not known, neither is it clear whether the disorders in children with 
mild mental retardation who show the hyperkinetic syndrome would be better 
classified here or under F90.-; at present they are included in F90-. 
 
Diagnostic guidelines: 
Diagnosis depends on the combination of developmentally inappropriate severe 
overactivity, motor stereotypies, and moderate to severe mental retardation; all 
three must be present for the diagnosis. If the diagnostic criteria for F84.0, F84.1 or 
F84.2 are met, that condition should be diagnosed instead. 
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F84.5 Asperger's syndrome 
A disorder of uncertain nosological validity, characterized by the same kind of 
qualitative abnormalities of reciprocal social interaction that typify autism, together 
with a restricted, stereotyped, repetitive repertoire of interests and activities. The 
disorder differs from autism primarily in that there is no general delay or 
retardation in language or in cognitive development. Most individuals are of 
normal general intelligence but it is common for them to be markedly clumsy; the 
condition occurs predominantly in boys (in a ratio of about eight boys to one girl). It 
seems highly likely that at least some cases represent mild varieties of autism, but it 
is uncertain whether or not that is so for all. There is a strong tendency for the 
abnormalities to persist into adolescence and adult life and it seems that they 
represent individual characteristics that are not greatly affected by environmental 
influences. Psychotic episodes occasionally occur in 
early adult life. 
 
Diagnostic guidelines: 
Diagnosis is based on the combination of a lack of any clinically significant general 
delay in language or cognitive development plus, as with autism, the presence of 
qualitative deficiencies in reciprocal social interaction and restricted, repetitive, 
stereotyped patterns of behaviour, interests, and activities. There may or may not be 
problems in communication similar to those associated with autism, but significant 
language retardation would rule out the diagnosis. 
 
Includes: 
Autistic psychopathy; schizoid disorder of childhood. 
 
 
A p p e n d i x  A :  I C D - 1 0  D i a g n o s t i c  C r i t e r i a            | 292 
 
 
 
Excludes: 
Anankastic personality disorder (F60.5); attachment disorders of childhood (F94.1, 
F94.2); obsessive-compulsive disorder (F42.-); schizotypal disorder (F21); simple 
schizophrenia (F20.6); F84.8 Other pervasive developmental disorders. 
 
F84.9 Pervasive developmental disorder, unspecified. 
This is a residual diagnostic category that should be used for disorders which fit the 
general description for pervasive developmental disorders but in which a lack of 
adequate information, or contradictory findings, means that the criteria for any of 
the other F84 codes cannot be met. 
 
F88 Other disorders of psychological development 
Includes: developmental agnosia. 
 
F89 Unspecified disorder of psychological development 
Includes: developmental disorder NOS. 
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Appendix B: DSM-5 Diagnostic Criteria 
 
Diagnostic criteria 
A. Persistent deficits in social communication and social interaction across multiple 
contexts, as manifested by the following, currently or by history (examples are illustrative, 
not exhaustive, see text): 
1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal 
social approach and failure of normal back-and-forth conversation; to reduced 
sharing of interests, emotions, or affect; to failure to initiate or respond to social 
interactions. 
2. Deficits in nonverbal communicative behaviors used for social interaction, 
ranging, for example, from poorly integrated verbal and nonverbal 
communication; to abnormalities in eye contact and body language or deficits in 
understanding and use of gestures; to a total lack of facial expressions and 
nonverbal communication. 
3. Deficits in developing, maintaining, and understanding relationships, ranging, 
for example, from difficulties adjusting behavior to suit various social contexts; to 
difficulties in sharing imaginative play or in making friends; to absence of 
interest in peers. 
Specify current severity: 
Severity is based on social communication impairments and restricted repetitive 
patterns of behavior (see Table A). 
 
B. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least 
two of the following, currently or by history (examples are illustrative, not exhaustive; see 
text): 
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1. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., 
simple motor stereotypies, lining up toys or flipping objects, echolalia, 
idiosyncratic phrases). 
2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns 
or verbal nonverbal behavior (e.g., extreme distress at small changes, difficulties 
with transitions, rigid thinking patterns, greeting rituals, need to take same route 
or eat food every day). 
3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g, 
strong attachment to or preoccupation with unusual objects, excessively 
circumscribed or perseverative interest). 
4. Hyper- or hyporeactivity to sensory input or unusual interests in sensory 
aspects of the environment (e.g., apparent indifference to pain/temperature, 
adverse response to specific sounds or textures, excessive smelling or touching of 
objects, visual fascination with lights or movement). 
Specify current severity: 
Severity is based on social communication impairments and restricted, repetitive 
patterns of behavior (see Table A). 
 
C. Symptoms must be present in the early developmental period (but may not become fully 
manifest until social demands exceed limited capacities, or may be masked by learned 
strategies in later life). 
 
D. Symptoms cause clinically significant impairment in social, occupational, or other 
important areas of current functioning. 
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E. These disturbances are not better explained by intellectual disability (intellectual 
developmental disorder) or global developmental delay. Intellectual disability and autism 
spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum 
disorder and intellectual disability, social communication should be below that expected for 
general developmental level. 
 
Note: Individuals with a well-established DSM-IV diagnosis of autistic disorder, 
Asperger’s disorder, or pervasive developmental disorder not otherwise specified 
should be given the diagnosis of autism spectrum disorder. Individuals who have 
marked deficits in social communication, but whose symptoms do not otherwise 
meet criteria for autism spectrum disorder, should be evaluated for social 
(pragmatic) communication disorder. 
 
Specify if: 
With or without accompanying intellectual impairment. 
With or without accompanying language impairment. 
Associated with a known medical or genetic condition or environmental factor. 
(Coding note: Use additional code to identify the associated medical or genetic 
condition.) 
Associated with another neurodevelopmental, mental, or behavioral disorder. 
(Coding note: Use additional code[s] to identify the associated 
neurodevelopmental, mental, or behavioral disorder[s].) 
With catatonia (refer to the criteria for catatonia associated with another mental 
disorder, pp. 119-120, for definition). (Coding note: Use additional code 293.89 
[F06.1] catatonia associated with autism spectrum disorder to indicate the presence 
of the comorbid catatonia.) 
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Table A Severity levels for autism spectrum disorder 
Severity 
level 
Social communication Restricted, repetitive 
behaviors 
Level 3 
"Requiring 
very 
substantial 
support” 
Severe deficits in verbal and nonverbal 
social communication skills cause 
severe impairments in functioning, 
very limited initiation of social 
interactions, and minimal response to 
social overtures from others. For 
example, a person with few words of 
intelligible speech who rarely initiates 
interaction and, when he or she does, 
makes unusual approaches to meet 
needs only and responds to only very 
direct social approaches 
Inflexibility of behavior, 
extreme difficulty coping 
with change, or other 
restricted/repetitive 
behaviors markedly 
interfere with functioning 
in all spheres. Great 
distress/difficulty changing 
focus or action. 
Level 2 
"Requiring 
substantial 
support” 
Marked deficits in verbal and 
nonverbal social communication skills; 
social impairments apparent even with 
supports in place; limited initiation of 
social interactions; and reduced or 
abnormal responses to social overtures 
from others. For example, a person who 
speaks simple sentences, whose 
interaction is limited to narrow special 
interests, and how has markedly odd 
nonverbal communication. 
Inflexibility of behavior, 
difficulty coping with 
change, or other 
restricted/repetitive 
behaviors appear frequently 
enough to be obvious to the 
casual observer and 
interfere with functioning 
in a variety of contexts. 
Distress and/or difficulty 
changing focus or action. 
Level 1 
"Requiring 
support” 
Without supports in place, deficits in 
social communication cause noticeable 
impairments. Difficulty initiating social 
interactions, and clear examples of 
Inflexibility of behavior 
causes significant 
interference with 
functioning in one or more 
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atypical or unsuccessful response to 
social overtures of others. May appear 
to have decreased interest in social 
interactions. For example, a person who 
is able to speak in full sentences and 
engages in communication but whose 
to- and-fro conversation with others 
fails, and whose attempts to make 
friends are odd and typically 
unsuccessful. 
contexts. Difficulty 
switching between 
activities. Problems of 
organization and planning 
hamper independence 
 
Recording procedures 
For autism spectrum disorder that is associated with a known medical or genetic 
condition or environmental factor, or with another neurodevelopmental, mental, or 
behavioral disorder, record autism spectrum disorder associated with (name of 
condition, disorder, or factor) (e.g., autism spectrum disorder associated with Rett 
syndrome). Severity should be recorded as level of support needed for each of the 
two psychopathological domains in Table A (e.g., "requiring very substantial 
support for deficits in social communication and requiring substantial support for 
restricted, repetitive behaviors"). Specification of "with accompanying intellectual 
impairment" or "without accompanying intellectual impairment" should be 
recorded next. Language impairment specification should be recorded thereafter. If 
there is accompanying language impairment, the current level of verbal functioning 
should be recorded (e.g., "with accompanying language impairment no intelligible 
speech" or "with accompanying language impairment-phrase speech"). If catatonia 
is present, record separately "catatonia associated with autism spectrum disorder." 
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Specifiers 
The severity specifiers (see Table A) may be used to describe succinctly the current 
symptomatology (which might fall below level 1), with the recognition that severity 
may vary by context and fluctuate over time. Severity of social communication 
difficulties and restricted, repetitive behaviors should be separately rated. The 
descriptive severity categories should not be used to determine eligibility for and 
provision of services; these can only be developed at an individual level and 
through discussion of personal priorities and targets. Regarding the specifier "with 
or without accompanying intellectual impairment," understanding the (often 
uneven) intellectual profile of a child or adult with autism spectrum disorder is 
necessary for interpreting diagnostic features. Separate estimates of verbal and 
nonverbal skills are necessary (e.g., using untimed nonverbal tests to assess 
potential strengths in individuals with limited language). 
 
To use the specifier "with or without accompanying language impairment," the 
current level of verbal functioning should be assessed and described. Examples of 
the specific descriptions for "with accompanying language impairment" might 
include no intelligible speech (nonverbal), single words only, or phrase speech. 
Language level in individuals "without accompanying language impairment" might 
be further described by speaks in full sentences or has fluent speech. Since receptive 
language may lag behind expressive language development in autism spectrum 
disorder, receptive and expressive language skills should be considered separately. 
 
The specifier "associated with a known medical or genetic condition or 
environmental factor" should be used when the individual has a known genetic 
disorder (e.g., Rett syndrome, Fragile X syndrome, Down syndrome), a medical 
disorder (e.g. epilepsy), or a history of environmental exposure (e.g., valproate, fetal 
alcohol syndrome, very low birth weight). 
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Additional neurodevelopmental, mental or behavioral conditions should also be 
noted (e.g., attentiondeficit/hyperactivity disorder; developmental coordination 
disorder; disruptive behavior, impulse-control, or conduct disorders; anxiety, 
depressive, or bipolar disorders; tics or Tourette's disorder; self-injury; feeding, 
elimination, or sleep disorders). 
 
Diagnostic features 
The essential features of autism spectrum disorder are persistent impairment in 
reciprocal social communication and social interaction (Criterion A), and restricted, 
repetitive patterns of behavior, interests, or activities (Criterion B). These symptoms 
are present from early childhood and limit or impair everyday functioning (Criteria 
C and D). The stage at which functional impairment becomes obvious will vary 
according to characteristics of the individual and his or her environment. Core 
diagnostic features are evident in the developmental period, but intervention, 
compensation, and current supports may mask difficulties in at least some contexts. 
Manifestations of the disorder also vary greatly depending on the severity of the 
autistic condition, developmental level, and chronological age; hence, the term 
spectrum. Autism spectrum disorder encompasses disorders previously referred to 
as early infantile autism, childhood autism, Kanner's autism, high-functioning 
autism, atypical autism, pervasive developmental disorder not otherwise specified, 
childhood disintegrative disorder, and Asperger's disorder. 
 
The impairments in communication and social interaction specified in Criterion A 
are pervasive and sustained. Diagnoses are most valid and reliable when based on 
multiple sources of information, including clinician’s observations, caregiver 
history, and, when possible, self-report. Verbal and nonverbal deficits in social 
communication have varying manifestations, depending on the individual's age, 
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intellectual level, and language ability, as well as other factors such as treatment 
history and current support. Many individuals have language deficits, ranging from 
complete lack of speech through language delays, poor comprehension of speech, 
echoed speech, or stilted and overly literal language. Even when formal language 
skills (e.g., vocabulary, grammar) are intact, the use of language for reciprocal social 
communication is impaired in autism spectrum disorder. 
 
Deficits in social-emotional reciprocity (i.e., the ability to engage with others and 
share thoughts and feelings) are clearly evident in young children with the disorder, 
who may show little or no initiation of social interaction and no sharing of 
emotions, along with reduced or absent imitation of others’ behavior. What 
language exists is often one-sided, lacking in social reciprocity, and used to request 
or label rather than to comment, share feelings, or converse. In adults without 
intellectual disabilities or language delays, deficits in social-emotional reciprocity 
may be most apparent in difficulties processing and responding to complex social 
cues (e.g., when and how to join a conversation, what not to say). Adults who have 
developed compensation strategies for some social challenges still struggle in novel 
or unsupported situations and suffer from the effort and anxiety of consciously 
calculating what is socially intuitive for most individuals. 
 
Deficits in nonverbal communicative behaviors used for social interaction are 
manifested by absent, reduced, or atypical use of eye contact (relative to cultural 
norms), gestures, facial expressions, body orientation, or speech intonation. An early 
feature of autism spectrum disorder is impaired joint attention as manifested by a 
lack of pointing, showing, or bringing objects to share interest with others, or failure 
to follow someone’s pointing or eye gaze. Individuals may learn a few functional 
gestures, but their repertoire is smaller than that of others, and they often fail to use 
expressive gestures spontaneously in communication. Among adults with fluent 
language, the difficulty in coordinating nonverbal communication with speech may 
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give the impression of odd, wooden, or exaggerated “body language” during 
interactions. Impairment may be relatively subtle within individual modes (e.g., 
someone may have relatively good eye contact when speaking) but noticeable in 
poor integration of eye contact, gesture, body posture, prosody, and facial 
expression for social communication. 
 
Deficits in developing, maintaining, and understanding relationships should be 
judged against norms for age, gender, and culture. There may be absent, reduced, or 
atypical social interest, manifested by rejection of others, passivity, or inappropriate 
approaches that seem aggressive or disruptive. These difficulties are particularly 
evident in young children, in whom there is often a lack of shared social play and 
imagination (e.g., age-appropriate flexible pretend play) and, later, insistence on 
playing by very fixed rules. Older individuals may struggle to understand what 
behavior is considered appropriate in one situation but not another (e.g., casual 
behavior during a job interview), or the different ways that language may be used to 
communicate (e.g., irony, white lies). There may be an apparent preference for 
solitary activities or for interacting with much younger or older people. Frequently, 
there is a desire to establish friendships without a complete or realistic idea of what 
friendship entails (e.g., one-sided friendships or friendships based solely on shared 
special interests). Relationships with siblings, co-workers, and caregivers are also 
important to consider (in terms of reciprocity). 
 
Autism spectrum disorder is also defined by restricted, repetitive patterns of 
behavior, interests, or activities (as specified in Criterion B), which show a range of 
manifestations according to age and ability, intervention, and current supports. 
Stereotyped or repetitive behaviors include simple motor stereotypies (e.g., hand 
flapping, finger flicking), repetitive use of objects (e.g., spinning coins, lining up 
toys), and repetitive speech (e.g., echolalia, the delayed or immediate parroting of 
heard words; use of “you” when referring to self; stereotyped use of words, phrases, 
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or prosodic patterns). Excessive adherence to routines and restricted patterns of 
behavior may be manifest in resistance to change (e.g., distress at apparently small 
changes, such as in packaging of a favorite food; insistence on adherence to rules; 
rigidity of thinking) or ritualized patterns of verbal or nonverbal behavior (e.g., 
repetitive questioning, pacing a perimeter). Highly restricted, fixated interests in 
autism spectrum disorder tend to be abnormal in intensity or focus (e.g., a toddler 
strongly attached to a pan; a child preoccupied with vacuum cleaners; an adult 
spending hours writing out timetables). Some fascinations and routines may relate 
to apparent hyper- or hyporeactivity to sensory input, manifested through extreme 
responses to specific sounds or textures, excessive smelling or touching of objects, 
fascination with lights or spinning objects, and sometimes apparent indifference to 
pain, heat, or cold. Extreme reaction to or rituals involving taste, smelt texture, or 
appearance of food or excessive food restrictions are common and may be a 
presenting feature of autism spectrum disorder. 
 
Many adults with autism spectrum disorder without intellectual or language 
disabilities learn to suppress repetitive behavior in public. Special interests may be a 
source of pleasure and motivation and provide avenues for education and 
employment later in life. Diagnostic criteria may be met when restricted, repetitive 
patterns of behavior, interests or activities were clearly present during childhood or 
at some time in the past, even if symptoms are no longer present. 
 
Criterion D requires that the features must cause clinically significant impairment in 
social, occupational, or other important areas of current functioning. Criterion E 
specifies that the social communication deficits, although sometimes accompanied 
by intellectual disability (intellectual developmental disorder), are not in line with 
the individual's developmental level; impairments exceed difficulties expected on 
the basis of developmental level. Standardized behavioural diagnostic instruments 
with good psychometric properties, including caregiver interviews, questionnaires 
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and clinician observation measures, are available and can improve reliability of 
diagnosis over time and across clinicians. 
 
Associated features supporting diagnosis 
Many individuals with autism spectrum disorder also have intellectual impairment 
and/ or language impairment (e.g., slow to talk, language comprehension behind 
production). Even those with average or high intelligence have an uneven profile of 
abilities. The gap between intellectual and adaptive functional skills is often large. 
Motor deficits are often present, including odd gait, clumsiness, and other abnormal 
motor signs (e.g., walking on tiptoes). Self-injury (e.g., head banging, biting the 
wrist) may occur, and disruptive/challenging behaviors are more common in 
children and adolescents with autism spectrum disorder than other disorders, 
including intellectual disability. Adolescents and adults with autism spectrum 
disorder are prone to anxiety and depression. Some individuals develop catatonic-
like motor behavior (slowing and “freezing” mid-action), but these are typically not 
of the magnitude of a catatonic episode. However, it is possible for individuals with 
autism spectrum disorder to experience a marked deterioration in motor symptoms 
and display a full catatonic episode with symptoms such as mutism, posturing, 
grimacing and waxy flexibility. The risk period for comorbid catatonia appears to be 
greatest in the adolescent years. 
 
Prevalence 
In recent years, reported frequencies for autism spectrum disorder across U.S. and 
non-U.S. countries have approached 1% of the population, with similar estimates in 
child and adult samples. It remains unclear whether higher rates reflect an 
expansion of the diagnostic criteria of DSM-IV to include subthreshold cases, 
increased awareness, differences in study methodology, or a true increase in the 
frequency of autism spectrum disorder. 
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Development and course 
The age and pattern of onset also should be noted for autism spectrum disorder. 
Symptoms are typically recognized during the second year of life (12-24 months of 
age) but may be seen earlier than 12 months if developmental delays are severe, or 
noted later than 24 months if symptoms are more subtle. The pattern of onset 
description might include information about early developmental delays or any 
losses of social or language skills. In cases where skills have been lost, parents or 
caregivers may give a history of a gradual or relatively rapid deterioration in social 
behaviors or language skills. Typically, this would occur between 12 and 24 months 
of age and is distinguished from the rare instances of developmental regression 
occurring after at least 2 years of normal development (previously described as 
childhood disintegrative disorder). 
 
The behavioral features of autism spectrum disorder first become evident in early 
childhood, with some cases presenting a lack of interest in social interaction in the 
first year of life. Some children with autism spectrum disorder experience 
developmental plateaus or regression, with a gradual or relatively rapid 
deterioration in social behaviors or use of language, often during the first 2 years of 
life. Such losses are rare in other disorders and may be a useful “red flag” for autism 
spectrum disorder. Much more unusual and warranting more extensive medical 
investigation are losses of skills beyond social communication (e.g., loss of self-care, 
toileting, motor skills) or those occurring after the second birthday (see also Rett 
syndrome in the section "Differential Diagnosis" for this disorder). 
 
First symptoms of autism spectrum disorder frequently involve delayed language 
development, often accompanied by lack of social interest or unusual social 
interactions (e.g., pulling individuals by the hand without any attempt to look at 
them), odd play patterns (e.g., carrying toys around but never playing with them), 
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and unusual communication patterns (e.g., knowing the alphabet but not 
responding to own name). Deafness may be suspected but is typically ruled out. 
During the second year, odd and repetitive behaviors and the absence of typical 
play become more apparent. Since many typically developing young children have 
strong preferences and enjoy repetition (e.g., eating the same foods, watching the 
same video multiple times), distinguishing restricted and repetitive behaviors that 
are diagnostic of autism spectrum disorder can be difficult in preschoolers. The 
clinical distinction is based on the type, frequency, and intensity of the behaviour 
(e.g., a child who daily lines up objects for hours and is very distressed if any item is 
moved). 
 
Autism spectrum disorder is not a degenerative disorder, and it is typical for 
learning and compensation to continue throughout life. Symptoms are often most 
marked in early childhood and early school years, with developmental gains typical 
in later childhood in at least some areas (e.g., increased interest in social interaction). 
A small proportion of individuals deteriorate behaviorally during adolescence, 
whereas most others improve. Only a minority of individuals with autism spectrum 
disorder live and work independently in adulthood; those who do tend to have 
superior language and intellectual abilities and are able to find a niche that matches 
their special interests and skills. In general, individuals with lower levels of 
impairment may be better able to function independently. However, even these 
individuals may remain socially naive and vulnerable, have difficulties organizing 
practical demands without aid, and are prone to anxiety and depression. Many 
adults report using compensation strategies and coping mechanisms to mask their 
difficulties in public but suffer from the stress and effort of maintaining a socially 
acceptable facade. Scarcely anything is known about old age in autism spectrum 
disorder. 
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Some individuals come for first diagnosis in adulthood, perhaps prompted by the 
diagnosis of autism in a child in the family or a breakdown of relations at work or 
home. Obtaining detailed developmental history in such cases may be difficult, and 
it is important to consider self-reported difficulties. Where clinical observation 
suggests criteria are currently met, autism spectrum disorder may be diagnosed, 
provided there is no evidence of good social and communication skills in childhood. 
For example, the report (by parents or another relative) that the individual had 
ordinary and sustained reciprocal friendships and good nonverbal communication 
skills throughout childhood would rule out a diagnosis of autism spectrum 
disorder; however, the absence of developmental information in itself should not do 
so. 
 
Manifestations of the social and communication impairments and 
restricted/repetitive behaviors that define autism spectrum disorder are clear in the 
developmental period. In later life, intervention or compensation, as well as current 
supports, may mask these difficulties in at least some contexts. However, symptoms 
remain sufficient to cause current impairment in social, occupational, or other 
important areas of functioning. 
 
Risk and prognostic factors 
The best established prognostic factors for individual outcome within autism 
spectrum disorder are presence or absence of associated intellectual disability and 
language impairment (e.g., functional language by age 5 years is a good prognostic 
sign) and additional mental health problems. Epilepsy, as a comorbid diagnosis, is 
associated with greater intellectual disability and lower verbal ability. 
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Environmental. A variety of nonspecific risk factors, such as advanced parental age, 
birth weight, or fetal exposure to valproate, may contribute to risk of autism 
spectrum disorder. 
 
Genetic and physiological. Heritability estimates for autism spectrum disorder 
have ranged from 37% to higher than 90%, based on twin concordance rates. 
Currently, as many as 15% of cases of autism spectrum disorder appear to be 
associated with a known genetic mutation, with different de novo copy number 
variants or de novo mutations in specific genes associated with the disorder in 
different families. However, even when an autism spectrum disorder is associated 
with a known genetic mutation, it does not appear to be fully penetrant. Risk for the 
remainder of cases appears to be polygenic, with perhaps hundreds of genetic loci 
making relatively small contributions. 
 
Culture-related diagnostic issues 
Cultural differences will exist in norms for social interaction, nonverbal 
communication, and relationships, but individuals with autism spectrum disorder 
are markedly impaired against the norms for their cultural context. Cultural and 
socioeconomic factors may affect age at recognition or diagnosis; for example, in the 
United States, late or underdiagnosis of autism spectrum disorder among African 
American children may occur. 
 
Gender-related diagnostic issues 
Autism spectrum disorder is diagnosed four times more often in males than in 
females. In clinic samples, females tend to be more likely to show accompanying 
intellectual disability, suggesting that girls without accompanying intellectual 
impairments or language delays may go unrecognized, perhaps because of subtler 
manifestation of social and communication difficulties. 
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Functional consequences of autism spectrum disorder 
In young children with autism spectrum disorder, lack of social and communication 
abilities may hamper learning, especially learning through social interaction or in 
settings with peers. In the home, insistence on routines and aversion to change, as 
well as sensory sensitivities, may interfere with eating and sleeping and make 
routine care (e.g., haircuts, dental work) extremely difficult. Adaptive skills are 
typically below measured IQ. Extreme difficulties in planning, organization, and 
coping with change negatively impact academic achievement, even for students 
with above-average intelligence. During adulthood, these individuals may have 
difficulties establishing independence because of continued rigidity and difficulty 
with novelty. 
 
Many individuals with autism spectrum disorder, even without intellectual 
disability, have poor adult psychosocial functioning as indexed by measures such as 
independent living and gainful employment. Functional consequences in old age 
are unknown, but social isolation and communication problems (e.g., reduced help-
seeking) are likely to have consequences for health in older adulthood. 
 
Differential diagnosis 
Rett syndrome. Disruption of social interaction may be observed during the 
regressive phase of Rett syndrome (typically between 1-4 years of age); thus, a 
substantial proportion of affected young girls may have a presentation that meets 
diagnostic criteria for autism spectrum disorder. However, after this period, most 
individuals with Rett syndrome improve their social communication skills, and 
autistic features are no longer a major area of concern. Consequently, autism 
spectrum disorder should be considered only when all diagnostic criteria are met. 
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Selective mutism. In selective mutism, early development is not typically disturbed. 
The affected child usually exhibits appropriate communication skills in certain 
contexts and settings. Even in settings where the child is mute, social reciprocity is 
not impaired, nor are restricted or repetitive patterns of behavior present. 
 
Language disorders and social (pragmatic) communication disorder. In some 
forms of language disorder, there may be problems of communication and some 
secondary social difficulties. However, specific language disorder is not usually 
associated with abnormal nonverbal communication, nor with the presence of 
restricted, repetitive patterns of behavior, interests, or activities. 
 
When an individual shows impairment in social communication and social 
interactions but does not show restricted and repetitive behavior or interests, 
criteria for social (pragmatic) communication disorder, instead of autism spectrum 
disorder, may be met. The diagnosis of autism spectrum disorder supersedes that of 
social (pragmatic) communication disorder whenever the criteria for autism 
spectrum disorder are met, and care should be taken to enquire carefully regarding 
past or current restricted/ repetitive behavior. 
 
Intellectual disability (intellectual developmental disorder) without autism 
spectrum disorder. Intellectual disability without autism spectrum disorder may be 
difficult to differentiate from autism spectrum disorder in very young children. 
Individuals with intellectual disability who have not developed language or 
symbolic skills also present a challenge for differential diagnosis, since repetitive 
behavior often occurs in such individuals as well. A diagnosis of autism spectrum 
disorder in an individual with intellectual disability is appropriate when social 
communication and interaction are significantly impaired relative to the 
developmental level of the individual's nonverbal skills (e.g., fine motor skills, 
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nonverbal problem solving). In contrast, intellectual disability is the appropriate 
diagnosis when there is no apparent discrepancy between the level of 
socialcommunicative skills and other intellectual skills. 
 
Stereotypic movement disorder. Motor stereotypies are among the diagnostic 
characteristics of autism spectrum disorder, so an additional diagnosis of 
stereotypic movement disorder is not given when such repetitive behaviors are 
better explained by the presence of autism spectrum disorder. However, when 
stereotypies cause self-injury and become a focus of treatment, both diagnoses may 
be appropriate. 
 
Attention-deficit/hyperactivity disorder. Abnormalities of attention (overly focused 
or easily distracted) are common in individuals with autism spectrum disorder, as is 
hyperactivity. A diagnosis of attention-deficit/hyperactivity disorder (ADHD) 
should be considered when attentional difficulties or hyperactivity exceeds that 
typically seen in individuals of comparable mental age. 
 
Schizophrenia. Schizophrenia with childhood onset usually develops after a period 
of normal, or near normal, development. A prodromal state has been described in 
which social impairment and atypical interests and beliefs occur, which could be 
confused with the social deficits seen in autism spectrum disorder. Hallucinations 
and delusions, which are defining features of schizophrenia, are not features of 
autism spectrum disorder. However, clinicians must take into account the potential 
for individuals with autism spectrum disorder to be concrete in their interpretation 
of questions regarding the key features of schizophrenia (e.g., “Do you hear voices 
when no one is there?” “Yes [on the radio]”). 
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Comorbidity 
Autism spectrum disorder is frequently associated with intellectual impairment and 
structural language disorder (i.e., an inability to comprehend and construct 
sentences with grammar), which should be noted under the relevant specifiers 
when applicable. Many individuals with autism spectrum disorder have psychiatric 
symptoms that do not form part of the diagnostic criteria for the disorder (about 
70% of individuals with autism spectrum disorder may have one comorbid mental 
disorder, and 40% may have two or more mental disorders). When criteria for both 
ADHD and autism spectrum disorder are met, both diagnoses should be given. This 
same principle applies to concurrent diagnoses of autism spectrum disorder and 
developmental coordination disorder, anxiety disorders, depressive disorders, and 
other comorbid diagnoses. Among individuals who are nonverbal or have language 
deficits, observable signs such as changes in sleep or eating and increases in 
challenging behavior should trigger an evaluation for anxiety or depression. Specific 
learning difficulties (literacy and numeracy) are common, as is developmental 
coordination disorder. Medical conditions commonly associated with autism 
spectrum disorder should be noted under the “associated with a known 
medical/genetic or environmental/acquired condition” specifier. Such medical 
conditions include epilepsy, sleep problems, and constipation. Avoidant-restrictive 
food intake disorder is a fairly frequent presenting feature of autism spectrum 
disorder, and extreme and narrow food preferences may persist. 
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disorder correlate with symptom severity’ Annual Meeting of the British Chapter of the 
International Society of Magnetic Resonance Imaging in Medicine, September 2012, 
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